PHYSIOLOGICAL REVIEWS 


Vou. 17 JULY, 1937 No. 3 


THE ROLE OF FAT IN THE DIET 


WILLIAM E, ANDERSON anp HAROLD H. WILLIAMS 


Laboratory of Physiological Chemistry, Yale University, New Haven, Connecticut, 
and Research Laboratory of The Children’s Fund of Michigan, Detroit, Michigan 


The physiology of two classes of lipids, the phospholipids (1), and the 
sterols (2) has been considered in recent reviews. The term ‘“‘fats and 
oils” as used in this survey refers to the simple lipids or esters of fatty 
acids with glycerol, sometimes designated as “true fats.”’ Most of the 
commoner fats and oils contain 98 or 99 per cent of glycerides. In 
regard to the term “ether extract” which has been considered as repre- 
senting the fatty component of foods, it is well to remember that it is a 
complex mixture which may actually have a low fatty acid content. 
The reports of Chibnall and Channon on cabbage-leaf cell cytoplasm 
(3) and of Horwitt, Cowgill, and Mendel on spinach leaf (4) strikingly 
emphasize this point. According to their experiences with improved 
analytical methods, the ‘‘ether extract’’ of these two green leaf foods 
contains only 27 per cent and 41 per cent of fatty acids respectively. 

Prout (5) wrote more than a century ago that “‘a diet to be complete, 
must contain more or less of all of the three staminal principles,” i.e., 
oleaginous, saccharine, and albuminous. ‘This is one of the first expres- 
sions concerning the appreciation of the necessity for fat in the diet. 
Our knowledge concerning the quantitative requirement of dietary fat 
is incomplete as evidenced in the following pronouncements of students 
of nutrition: ‘‘Fat must be a constituent of the normal diet, but the data 
at present available do not suffice to permit a precise statement of the 
quantity required” (6), and, ‘Standards of fat intake proposed by phys-. 
iologists show wide variation, as does the actual intake of human beings 
in various parts of the world. The standard fat allowances of Voit, 
Rubner and others are about half the actual consumption of average 
men in Western civilization to-day. Fat has a high satiety value; its 
high caloric content reduces the bulk of food consumed; it is the vehicle 
of fat-soluble vitamins; infants at the breast receive about half of their 
calories in the shape of fat; it may yet be shown to possess some intrinsic 
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quality of value to the organism. For these and other reasons, it seems 
advisable that standards of fat intake should not be too low” (7). 

GENERAL CONSIDERATIONS OF FAT IN THE DIET. ‘The significance of 
fats in the diet has been ably discussed by Starling (8) who served as 
chairman of the Royal Society Food (War) Committee. After com- 
menting on the rdle of protein and carbohydrate in the diet, he re- 
marked, “The question as to the requirements of the body for fats and 
the significance of these substances in ordinary metabolism has, how- 
ever, been practically neglected, and it has needed the restriction of food 
supplies throughout Europe, which is the immediate consequence of the 
war, to bring into prominence the great practical importance of the fat 
supply.” 

The low daily fat ration in Germany, as little as 20 grams per person 
at times, was regarded as one of the most severe deprivations of the 
population. The total energy intake of the dietary was at one period 
reduced to a point less than is necessary to maintain the body needs. 
In the words of von Miiller (9), “‘the real caloric value of the diet was 
not 1300 calories as officially given, but only 1100 to 960 calories on 
account of the large proportion of unabsorbable material.’”’ Near the 
end of the war experiments were performed with animals and with 
human subjects in England to determine whether the fatty acids, which 
remained after separation of glycerol from the original fats and which 
accumulated in enormous quantities could be used for human consump- 
tion. The outcome of these tests indicated that fatty acids when 
ingested in daily amounts of about 36 grams per individual, could be 
readily utilized by humans (10, 11). Lepkovsky, Ouer and Evans (12) 
who compared growth in rats recently reported that the free fatty acids 
of lard were good sources of energy when fed as 25 per cent (by weight) 
of the diet, but somewhat inferior to the glyceride at the 60 per cent 
level. 

Within wide limits, fat and carbohydrate can replace each other in 
isodynamic proportion. However, as is well known, this property of 
mutual replacement is not unlimited. The biological importance of 
dietary fat depends on several factors. It is absorbed more slowly than 
carbohydrate. A meal lacking in fat is deficient in staying power as 
was plainly evident during the World War in various civilian popula- 
tions. Starling (8) recites the following experiences in the year 1918: 
“There have been complaints from Welsh miners during the first of this 
year that the food had not enabled them to work their normal shifts. 
They are used to taking with them to their work pies made of fat pastry 
with a little meat, and it was impossible to make the pastry in conse- 
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quence of the absence of fat. Premature hunger was also a universal 
experience in this country during the first five months of this year.” 
Concerning the factor of bulk of food and the consequences of ingesting 
large amounts of carbohydrate foods, Starling comments: ‘‘The question 
of bulk is probably one of the most important factors in determining the 
need for fat. The human alimentary canal has been developed so as 
to cope with a diet in which 20 to 25 per cent of the energy is presented 
in the form of fat. In order to get the same energy from carbohydrates 
the alimentary canal would have to be much larger. Theoretically, 
then, the absence of fat can be made up by an increased supply of carbo- 
hydrates. But this can only be carried out in a certain number of 
individuals and under certain conditions. The ordinary individual 
deprived of fat diminishes his total intake of food and exists on a lower 
metabolic level. It is a notable fact that during the shortage of fat in 
this country in the early part of 1918, there was no appreciable increase 
in the consumption of cereals. It was easier to live on the stored-up 
fat of the body than to adopt a stuffing process with carbohydrates.” 
Furthermore, “it seems that carbohydrates are more subject to fermenta- 
tive changes in the intestines than fats. Overloading the intestines 
with carbohydrates in many individuals leads to abnormal fermentation, 
the production of gases, and general discomfort.”” McClendon (13), 
while a visiting professor in Japan, confirmed these latter observations. 
He writes that he ‘‘was much impressed by the low fat content of the 
Japanese diet and the great amount of fermentative dyspepsia among 
the Japanese. It seemed to me that men were incapacitated for long 
periods of time because of the low fat content of the diet.” 

Evidence has been presented to show that in heavy muscular work 
there is a greater economy of performance on carbohydrate than on fat. 
According to a recent report of Christensen, Krogh, and Lindhard (14), 
subjects on a diet rich in carbohydrate were able to carry on for over 
four hours whereas on a diet with a high fat content marked fatigue 
occurred in 90 minutes. 

In a standard dietary suitable for the average adult, Atwater proposed 
that fat represent 33 per cent of the total of 3520 calories, whereas Play- 
fair proposed that in a diet of 3140 calories, the fat component furnish 
only 15 per cent of energy intake (7). Murlin (15) reports that in the 
diet of the U.S. army soldier in the training camp, fat-represented 31 
per cent of total energy actually consumed (about 3700 calories). Data 
relative to the percentage of total calories supplied by fat in the dietaries 
of various peoples on the basis of light, moderate or heavy work, have 
been collected by various investigators (8, 16,17). ‘Experience proves 
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that the percentage of fats in the diet of different people varies greatly 
and that the influence of climate, locality, habits, work, is very great 
so that it is impossible to utilize one particular finding for general appli- 
cation” (17). In an interesting discussion of the dietary value of fats 
Howe (18) comments as follows on the consumption of fat and on the 
place of fat in the diet: “In the so-called standard dietaries the weight: 
of the fat consumed has varied between 50 and 100 gms. per day. The 
average daily consumption of fats and oils purchased as such in the 
United States is roughly 63 gms. per capita. Some dietaries in the 
South have shown a consumption of almost twice as much fat.” ‘Fats 
and oils have a unique place in the dietary because of their ability to 
impart flavor, especially richness of flavor, to change texture, and to 
add attractiveness... (Fats) have the fortunate faculty of increasing 
our enjoyment of food.” 

In a stimulating review on the qualitative and quantitative aspects 
of nutrition, Hamill (19) refers to the observations of Voit and of 
Cathcart and Murray regarding the relation of income and fat con- 
sumption. More than 50 years ago Voit stated that ‘‘as a general rule 
the diet of the well-to-do classes contains both absolutely and relatively 
more of the dear fat and less of the bulky carbohydrates,” and from the 
recent study of the British workers, Cathcart and Murray, it was 
found that ‘there is an increase of fat with rising income which is more 
marked than the rise in protein.” 

The necessity for consideration of sufficient fat and carbohydrate to 
provide for an ample energy intake in the dietaries of children, is em- 
phasized by Rose (20) in an interesting essay on ‘‘What is Progress in 
Nutrition?” She remarks: ‘‘SSome would seem to rest content with the 
idea that all the problems of nutrition can be solved by the simple 
formula, ‘eat more milk and vegetables.’ Of course no one will deny 
the importance of increasing both of these in the American dietary but 
it is not safe to assume that an ideal diet will result. Study of the 
dietaries of several groups of children, all having an excellent supply of 
milk, and none being very low in vegetables, has shown that the com- 
monest single dietary defect is shortage of total calories, sometimes 
through too low a supply of fat and sometimes through a very limited 
intake of cereal foods. Furthermore, such a simple formula does not 
protect the appetite and digestion.” 

The fat supply has been one of the recent major nutritional problems 
in Germany. In a discussion of the dietaries of German industrial 
workers v. Tyszka (21) remarks on the needs for a fat rich diet, which 
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can only be procured when fat is reasonable in price. The influence of 
cost upon margarine and butter consumption.is then cited. v. Tyszka 
also refers to similar considerations of the fat consumption in Czecko- 
slovakia. In many countries to-day, the general and pressing problem 
of nutrition is that of harmonizing economic and public health condi- 
tions. 

In a detailed inventory statement of Germany’s food supply (22), 
published in late 1914, the urgent necessity of conserving fat is vividly 
presented, and repeated reference is made to “Rubner’s demonstration 
that 20 grams of fat per head of the population, . . . appears daily in the 
Berlin sewers (which demonstration), can be understood by anyone who 
has ever noticed how much fat is thrown away ... even in the kitchens 
of the working classes.”” English (10) and American (23) investigators 
also have reported a greater wastage in edible fat than of other edible 
foodstuffs. A widespread saving of fat in this country in 1918 led to a 
reduction of 30 per cent of fat in garbage (24). 

In view of these observations on wastage of edible fat and in view of 
possible inaccurate analyses of some of our food products, apparently 
our estimates concerning actual consumption of fat should be revised. 
Morey (24A) emphasizes consideration of wastage of food in calculating 
the energy values of diets. Horwitt, Cowgill and Mendel (4), who also 
assayed the crude fiber, protein and carbohydrate constituents, remark 
that their analytical methods “have been devised with the idea that 
they be applied not only to the green leaf but to foods and feeds in 
general.” They add: “‘It is quite evident that if we are to determine 
the true caloric content of many of our foods, we shall have to change 
our methods of analysis.” 

FaTs AS CARRIERS OF VITAMINS. Brief attention is now given to 
another criterion for measuring the food value of fats based upon the 

_ knowledge that some fats contain accessory food factors, designated as 
vitamins, which are indispensable for the nutritive well-being of the 
organism. The early experiences reported by McCollum and Davis 
(25), and by Osborne and Mendel (26, 27) paved the way for a broader 
understanding of the physiological significance of fatty products like 
butter fat, egg yolk, and cod liver oil which had for a long time enjoyed a 
popular, though largely unexplained reputation for unique nutritive 
potency. Since this pioneer work, a large mass of experimental data 
has been accumulated indicating the manifold ways in which, for 
example, vitamin A functions. In this connection brief reference is 
made to one war-time experience in Denmark. Due to a lack of vitamin 
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A in the diet of Danish children, particularly during 1917, conditions of 
xerophthalmia and dystrophy developed. These clinical conditions 
were improved or cured when butter was rationed by the state at such a 
low price that all could buy it (28). It is beyond the scope of this 
review to discuss further the deficiency diseases which result from the 
absence of the various fat-soluble vitamins in the diet. Each deficiency 
disease has been adequately described in numerous publications. 

Investigation has been made of the potency of the vitamin A and D 
factors in a large number of oils and fats as well as other foodstuffs. 
Detailed directions for conducting assays of vitamins A and D in cod 
liver oil and minimum requirements of vitamin activity (600 U. S. P. 
units of vitamin A per gram, and 85 U.S. P. units of vitamin D per gram) 
have been published in the last decennial revision of the United States 
Pharmacopoeia (U. 8. P. XI) (29). As carriers of vitamins A and D 
cod liver oil and halibut liver oil are commonly used medicinal oils. In 
recent years claims of exceedingly high vitamin D activity have been 
made for a number of liver oils of fish including the bluefin tuna, yellow- 
fin tuna and swordfish (2). 

If margarines or other butter substitutes are adequately fortified with 
vitamins A and D, discrimination against their use is unwarranted. 
According to a recent report, ‘“Brands of margarine—enriched and equal 
in vitamin value to summer butter are now on the market in several 
countries” (7). 

Wheat germ oil has been found potent in the vitamin E factor. 

Recently some of the vitamins, not particularly related in their chem- 
ical natures or nutritional functions, have been fairly well characterized 
from the point of view of chemical constitution. Vitamin A is appar- 
ently an unsaturated alcohol possessing the formula C2ooH yO (30). The 
presence of a 6-ionone ring in combination with four conjugated double 
bonds is the criterion of vitamin A activity in both vitamin A and its 
precursor, carotene. With respect to vitamin D, two crystalline 
products which are apparently identical and which possess intense 
antirachitic activity, have been prepared by different groups of workers. 
One of these preparations is called purified calciferol (31) whereas the 
other one has been referred to as the substance ‘“D,”’ (32). Both 
products have a molecular formula which is isomeric with ergosterol. 
A multiplicity of substances which possess vitamin D activity is now 
available. Concerning vitamin E, potent concentrates of this factor 
have been prepared by Olcott and Mattill (33); and Evans, Emerson 
and Emerson (34) recently isolated a-tocopherol from wheat germ oil 
as an allophanate; this,aleohol possesses marked vitamin E activity. 
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EssENTIAL FATTY AciDs. The work of Lawes and Gilbert (35) in 
England on pigs and that of Jordan and Jenter (36, 37) in America with 
dairy cows has given ample proof of the ability of the body to produce 
body fat and milk fat from other sources than dietary fat. On the basis 
of this information it might be considered a matter of indifference 
whether, after provision of the proper amount of protein, fat is present 
or absent from the diet. In 1920 Osborne and Mendel (38) conducted 
an inquiry into the requirement of the healthy mammal for fat in the 
diet. They observed growth in rats fed diets which were presumably 
adequate with respect to both the fat-soluble and water-soluble vita- 
mins and concluded that if true fats are essential for nutrition during 
growth the minimum necessary must be exceedingly small. 

In 1928 Evans and Burr (39) observed a definitely subnormal weight 
and irregular ovulation in rats on diets low in fat. A little later, 
McAmis, Anderson and Mendel (40) who fed a diet of extremely low fat 
content, observed comparatively good, though by no means optimal 
growth. The best growth was exemplified by those animals which 
received some small inclusion of fat (cod liver oil or peanut oil) in their 
diet. On the “fat free” dietary regimen, the animals presented an 
unthrifty appearance and evidence of kidney damage was noted in 
about 50 per cent of the rats. McAmis and co-workers remarked that 
it is not conclusively demonstrated whether the apparent beneficial 
effect of a small amount of fat is due to its content of vitamin A or other 
vitamins, or to its action as a vehicle for the fat-soluble vitamins, or 
whether fat per se is essential. 

Simultaneously Burr and Burr (41) presented for serious considera- 
tion a hitherto unsuspected possible réle of certain specific fatty acids in 
the animal organism. These investigators (42) who also employed a 
highly purified ‘‘fat free’ diet, considered “growth, scaliness of the skin, 
and condition of the kidneys as measures of the effect of various fats in 
the diet.”” They assert that vitamin E is not the controlling factor in 
the disease which they describe. Saturated fatty acids are ineffective, 
but linoleic acid, either isolated in pure state, or as found in natural 
oils, is the outstanding curative or prophylactic agent. The hypothesis 
is advanced that: ‘‘Warm blooded animals in general cannot synthesize 
appreciable quantities of linoleic acid. The synthesis of other unsatu- 
rated acids, including linolenic, is probably equally limited.” 

Previous studies had left the value of oleic acid uncertain, but in 1932, 
Burr, Burr and Miller (43) proved this acid to be ineffective in the curing 
of the fat-deficiency disease. In addition they showed that linolenic 
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acid and linoleic acids are about equally effective and therefore are inter- 
changeable. Other unsaturated acids such as a-eleostearic, an isomer 
of linolenic acid, and arachidonic are ineffective. As a result of these 
studies linoleic acid assumes the dignity of indispensability for living 
animal organisms, and attains a place similar to that of certain amino 
acids, minerals, and vitamins in being a necessary constituent of a 
complete diet. Evans and co-workers (44, 45, 46) who confirmed the 
work of Burr and Burr found that the presence of linoleic acid in the 
body fat of rats was dependent on its inclusion in the dietary fat. Fur- 
thermore, they claimed that successful gestation and lactation was 
impossible and also that male sterility invariably occurred on “fat-free” 
diets; the addition to the diet of essential fatty acids not only prevented 
but also corrected these conditions. 

Numerous other investigators have presented evidence to confirm 
Burr and Burr’s work. Borland and Jackson (47) have made a study 
of the kidney lesions; Sinclair (48) substantiates the results on growth; 
Tange (49), Becker (50), and Sahashi (51) emphasize the essential 
nature of linoleic acid; and Green and Hilditch (52) from a study of data 
on hog and rat body fats as well as on milk fats, conclude that linoleic 
acid when present in the glycerides of land animals, is a product of 
assimilation and not of synthesis by the animal. Spadola and Ellis (53) 
find that the presence of linoleic acid could not be demonstrated in the 
adipose fat of rats fed on a low fat diet, whereas its presence in the diet 
to the extent of only 0.2 per cent was easily detectable. They remark 
that: ‘the readiness with which this acid is deposited naturally raises 
the question as to the minimum amount necessary for well being.” 

In the early studies of Burr and Burr (42) evidence was presented to 
show that butter fat was not an effective curative agent of the fat 
deficiency condition. This observation indicated that linoleic acid was 
either absent or present in very small amounts in this product of glandu- 
lar activity. Reports regarding the linoleic acid content of butter fat 
do not agree. Hilditch and Sleightholme (54) concluded that some 
butter fats may contain as high as 4.5 per cent of the acid. On the other 
hand Holland and co-workers (55) and Bosworth and Brown (56) failed 
to verify its presence, and Eckstein (57), who seriously questioned the 
high figure of Hilditch and Sleightholme, reported that several butter 
fats examined by him contained approximately 0.2 per cent to 0.5 per 
cent of linoleic acid and an average of 0.13 per cent of linolenic acid. 
Eckstein’s study demonstrated that the linoleic acid content of butter 
fat was related to the amount of this acid ingested by the lactating 
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animal. According to the most recent report of Hilditch and Thompson 
(58) butter fat may contain approximately six per cent of linoleic acid 
when linseed oil is consumed by the cow. 

The general thesis that linoleic acid is indispensable has been chal- 
lenged by a number of students of the problem (59, 60). Gregory and 
Drummond (60) who have made an investigation of fat metabolism with 
special reference to nutrition on diets devoid of fat, attribute the abnor- 
mal condition to a deficiency of one or more factors of the vitamin B 
complex rather than to an inability to synthesize linoleic acid. In 
commenting on various studies related to this problem, Burr and Brown 
(61) remark that differences in technique may readily account for lack 
of agreement of results. They emphasize that fat deficiency is char- 
acterized by a late failure in growth after an early period of rapid growth. 
This failure is accompanied by a high percentage of kidney lesions, 
abnormal gas exchange, and abnormal water consumption. 

An abnormal respiratory quotient (considerably above 1) was origi- 
nally noted by Wesson (62) in rats ingesting a fat deficient diet. This 
was later confirmed by Wesson and Burr (63) and Burr and Beber (64) 
on fat-free diets. Work reported by Wesson and Murrell (65) indicates 
the specific metabolic factor is present in fat (lard), but that it is not 
linoleic acid. 

Studies on the essential fatty acids have brought into question the well 
known theory of fatty acid desaturation by the liver (59, 66). This 
topic has been reviewed by Williams and Anderson (67) who remark: 
‘That the body is able to synthesize fatty acids of a greater degree of 
unsaturation than oleic seems evident. While the liver may not be the 
only site of such synthesis, it appears to be the most important organ 
concerned in the elaboration of these fatty acids. Linoleic acid appears 
to be an essential fatty acid. Whether the body is incapable of the high 
rate of synthesis demanded by the growing organism for this particular 
fatty acid or whether it is unable to actually synthesize linoleic acid due 
to the particular position of the unsaturated linkages in the chain, is not 
evident. The latter would seem to be the more tenable conclusion.” 

A recent report by Schoenheimer and Rittenberg (68) presents direct 
evidence of the ability of the organism to desaturate fatty acids. They 
fed saturated fatty acids labelled with deuterium to mice and fraction- 
ated unsaturated fatty acids containing deuterium from the body fat of 
these animals. Further work is necessary to identify the specific 
unsaturated fatty acids formed in this desaturation process. 

Since the available evidence favors the essential nature of linoleic acid, 
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consideration has been given to the occurrence of this fatty acid. Burr 
and Burr (42) indicate the linoleic acid content of a number of oils and 
fats used in their curative experiments. According to analyses recorded 
by Jamieson (69) linoleic acid is present in a number of vegetable oils. 
In olive oil and peanut oil it constitutes nearly 7 per cent and 25 per cent, 
respectively, of the total fatty acids, whereas in corn, cottonseed, sesame, 
linseed and soy bean oils, its content ranges from approximately 35 
per cent (in sesame oil) to 50 per cent (in soy bean oil). ‘“Hard’’ lard 
contains roughly 1 to 7 per cent, whereas “‘oily’”’ lard may contain as 
high as 36 per cent of the fatty acid (70); it is also present in egg fat to 
the extent of 15 to 19 per cent (71). According to Hilditch (72) the 
following body fats contain this particular fatty acid in the amounts 
indicated: hen fat (22 per cent), beef tallow (3 per cent) and mutton 
tallow (4 per cent). Reference has already been made to the linoleic 
acid content of butter fat. In view of these remarks regarding the 
widespread occurrence of this so-called essential fatty acid and also in 
view of the small amount necessary to alleviate the fat deficiency condi- 
tion, it does not seem warranted to imply (73) that “the badly needed 
linoleic glyceride”’ has a limited distribution and that well-being is 
dependent upon the consumption of any one oil which contains this acid. 

The observations of. Burr and Burr (42) that skin changes develop in 
rats fed diets lacking in certain unsaturated fatty acids suggested to 
Hansen (74) the possibility that infantile eczema might be partly 
dependent on this type of dietary deficiency. Hansen (75), therefore, 
fed the so-called essential fatty acids in the form of linseed oil or corn 
oil to eczematous children and observed improvement in their condi- 
tion. Cornbleet and Pace (76) also obtained favorable effects with 
refined corn oil when administered to adolescent patients for a long 
period of time—12 to 18 months. All reports of treatment of a capri- 
cious condition like allergic eczema with linoleic acid containing oils are 
not in agreement. For example, Taub and Zakon (77) state that they 
did not find linseed oil to be an effective therapeutic agent for their 
eczematous patients. 

THE VITAMIN B SPARING ACTION OF FAT. Evans and Lepkovsky 
(78, 79) in 1928 presented the novel problem of the benefit of fats in the 
vitamin B (antineuritic) deficient diet. Employing dietary mixtures 
consisting essentially of casein and sucrose with added salts and vita- 
mins, they found that if fat (lard) was added, the amount of vitamin B 
required to establish any definite level of growth or frequency of ovula- 
tion in voung rats was always less than was required when fat was 
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absent. They termed this phenomenon ‘the sparing action of fat on the 
antineuritic vitamin.”’ From their early investigations (80, 81) it was 
found that fats which are approximately equally well absorbed showed 
no difference in their vitamin B sparing ability. Furthermore, it was 
demonstrated that in the presence of the vitamin B factor, natural fat 
is superior to a number of the glycerides of single fatty acids. It was 
also concluded that the sparing action of fat on vitamin B could not be 
ascribed to an interaction in the alimentary tract between the fat and 
the vitamin (82). 

Other workers have reported disparity between their results and those 
obtained by Evans and Lepkovsky. Kemmerer and Steenbock (83) 
sought to determine whether dietary fat conserves the vitamin B present 
in the tissues of adult rats, chickens (adult birds) and of pigs. From 
this investigation it was concluded that the addition of a high percent- 
age of fat in the diet had no effect on the vitamin B content of the ani- 
mal tissues of any of the species studied. Gregory and Drummond (60) 
and Drummond (84) have disputed the idea advanced by the California 
workers. In all of their experiments the test animals (young rats) 
declined in body weight in much the same manner as when fed on a 
vitamin B deficient diet, regardless of the proportions of fat and carbo- 
hydrate in the diet. In another study conducted by Sure (85) the 
vitamin B requirements for lactation in the rat were not influenced by 
the amount of fat included in the diet. 

Concerning confirmation of the work of Evans and Lepkovsky, Guha 
(86) ‘observed that while olive oil and palm kernel oil do not give any 
definite indication of a sparing action on vitamin B,, lard appears to have 
a definite effect. The decline in weight of rats completely deficient in 
vitamin B, is also slower when lard is present in the diet.’”” Westenbrink 
(87) who fed pigeons a diet rich in carbonhydrate.and free from fat, 
reported that these birds developed typical symptoms of polyneuritis in 
less time than pigeons fed a ration rich in fat and free from carbohydrate. 
The difference in time, regarded as being statistically significant, was 
attributed to the presence of fat. Westenbrink (88) offers the possible 
explanation that in feeding of fat the animal organism uses less vitamin 
B than in feeding of carbohydrate, and that a large addition of fat 
hinders in some way the onset of polyneuritis. 

In the early investigations of Evans and Lepkovsky it was assumed 
that a simple relationship existed between vitamin B and the level of 
fat in the diet. However, in a later inquiry Evans and coworkers (89) 
indicate that the sparing action of fat on vitamin B is not so simple a 
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phenomenon as they had formerly supposed and that protein and 
vitamin G as well as fat participate in sparing vitamin B. In a subse- 
quent study Evans and co-workers (90) observed the rate of growth of 
rats fed diets which were rich in fat and deficient in the vitamin B factor, 
and which contained liberal amounts of protein (casein 36 per cent) and 
vitamin G (autoclaved yeast 10 per cent). By way of summary these 
investigators remark that ‘‘with reference to their ability to spare vita- 
min B, fats can be arranged as follows in the order of their effectiveness: 
coconut oil, lard, crisco (hydrogenated cottonseed oil), butter fat, 
synthetic lard, hydrogenated coconut oil, corn oil, olive oil, hydrogenated 
sesame oil, sesame oil.”’ Since cottonseed oil and sesame oil are similar 
in their fatty acid make-up, it is difficult to understand why these oils 
differ so greatly in their fat sparing action. From a still later study (91) 
it was found that fat exerted a measurable sparing action upon the vita- 
min B content of tissues of young rats. The loss of the vitamin B in 
the feces bore no relation to the loss from the tissues, and therefore it 
appears that fat spares vitamin B by decreasing the amount of this 
vitamin dissipated in the metabolism of the rat. 

Evans, Lepkovsky and Murphy (92) find that fat exerts no sparing 
action upon vitamin G. 

In concluding this brief discussion, we present the views of Cowegill 
(93, p. 97) who has long been a student of the physiology of vitamin B. 
He comments on this controversial topic as follows: ‘“The idea that 
vitamin B may be present in fat cannot be rejected as completely unten- 
able. It is conceivable that the vitamin can exist in such a chemical 
form as to render it soluble in fats and materials which dissolve fat. 
Van Veen—has shown that this antineuvitic substance reacts similarly 
to the better known organic bases, and therefore, should be soluble in 
organic solvents when present as the free base, and insoluble in these 
when present as a salt. By an application of this principle Block and 
Cowgill—succeeded in extracting large amounts of vitamin B from rice 
polishings and yeast by use of ether and other organic solvents. Such a 
result was directly contrary to those reported in earlier literature which 
seemed to prove conclusively that vitamin B is insoluble in ether. In 
view of these recent developments one is justified in believing that the 
so-called ‘vitamin sparing action of fats’ may after all prove to be due 
to the actual presence of vitamin B in the fat. There are instances in 
the beri-beri literature where ‘fat’ was remarkably effective in curing 
epidemics. Whether the fat actually furnished vitamin B or acted 
simply to spare this dietary essential is immaterial so far as its value in 
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curing the epidemic is concerned. If the sparing action, as expressed in 
terms of ‘equivalence of vitamin’ was great enough, a cure could readily 
result.” 

RELATION OF DIETARY FAT TO BODY FAT. Unlike the uniform tissue 
proteins and stores of carbohydrate represented by glycogen, the fats of 
the organism are not always merely synthesized de novo; otherwise, we 
should expect them to be more uniform in character. There is a striking 
illustration of large economic significance of this fact in animal hus- 
bandry in the production of “soft pork.” The “soft pork’ problem is 
fundamentally one of fat metabolism. ‘The quantity and quality of the 
fat in feeds exert a marked influence on the firmness of body fat. The 
percentage of fat in the more or less common hog feeds varies from less 
than one per cent to approximately 50 per cent. 

Hog carcasses are graded “oily,” “soft,” or “hard,” depending upon 
the type of diet consumed by the hogs. ‘‘The products of soft hogs 
have certain undesirable characteristics. There is a lack of firmness in 
the fat which may be so extreme as to cause a typical soft, flaccid, shape- 
less condition in the products, which makes them inconvenient to handle 
and unattractive to many people. The hams are probably least and 
the lard most subject to criticism, depending on the proportion of fat in 
the product” (94). The undesirable characteristics of the products 
from “soft” and “‘oily’”’ hogs place them at a disadvantage on the market 
with resulting discrimination in live-hog price. Later in this section, 
reference will be made to investigations on this problem of the meat 
industry. 

The study of the influence of dietary fat on the quality of body fat 
has engaged the attention of investigators for a long time. More than 
fifty years ago Lebedeff (95) performed some striking experiments with 
two dogs which he fasted until each one lost 40 per cent of its original 
body weight. Subsequently, he fed rations rich in fat until each dog 
regained its original body weight. The animals were then killed. 
From the body fat of the dog fed linseed oil, he obtained a large quan- 
tity of oil which did not solidify at 0°C.; whereas, from the adipose 
tissues of the dog fed mutton tallow, a fat “which was almost identical 
with mutton tallow’? was observed. The meltigg point of mutton 
tallow is above 50°C. Subotin had previously reported that normal 
dog fat melts between 30° and 42°C. A little later Munk (96) per- 
formed a similar experiment in which he fed rapeseed oil toa dog. From 
the body fat of this animal he isolated erucic acid which is present in 
abundance as erucin in rapeseed oil, and concluded, that this constituent 
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glyceride of the dietary fat had been deposited. This early work of 
Lebedeff and of Munk and of other investigators including Radzie- 
jewsky, Hoffmann and Lummert has been reviewed by Rosenfeld (97), 
by von Fiirth (98) and by Leathes and Raper (99). Mendel (100) 
reviewed the later literature in his stimulating lectures on the relation- 
ship of diet to fat deposition in the body. 

The experiments of Lebedeff and Munk were of an extreme type. 
With the more recent development of the science of nutrition, it became 
possible to plan experimental feeding under conditions in which a 
simple factor can be altered at will without profoundly upsetting the 
proportional relations of the other dietary components. Accordingly 
Anderson and Mendel (101) who conducted a number of comparative 
experiments with rats, fed rations in which 60 per cent of the energy 
intake was variously offered in the form of fat or carbohydrate. When 
soy bean oil, corn oil, cottonseed oil, peanut oil or ‘‘Crisco” (hydro- 
genated vegetable oil) was ingested the resulting body fat closely re- 
sembled the food fat as indicated by a comparison of iodine numbers. 
However, close similarities between food fat and the body fat did not 
always develop. The body fat produced when lard, butter fat or coco- 
nut oil was consumed, was more unsaturated than the ingested fat. 
Coconut oil which has a low unsaturated acid content and an iodine 
number of only 8, produced a body fat with iodine number of 35. 
Apparently the animal organism desaturated the dietary fat and 
deposited a body fat which is less saturated than ‘‘physiological fat” 
(iodine number 65) synthesized from carbohydrate. The influence of a 
number of fats including linseed oil, cod liver oil and olive oil, upon the 
phospholipids and neutral fat of the body fat of the rat, has been 
reported also by Sinclair (102). The effect of dietary changes after 
“soft” fats have been deposited in the body has been studied also by 
Anderson and Mendel. When carbohydrate (corn starch) was substi- 
tuted equicalorically for fat in the diet, a progressive “hardening” of the 
body fat ensued. Presumably a partial depletion or transformation of 
the fat reserves was accomplished only slowly. The change from one 
type of specially produced depot fat to another was brought about far 
more rapidly by depleting the fat reserves through brief periods of 
fasting prior to the change in the dietary. 

From a study of the factors influencing the distribution and char- 
acter of adipose tissue, Reed, Yamaguchi, Anderson and Mendel (103) 
found that on equicaloric intakes nearly 65 per cent to 100 per cent more 
fat was stored by rats ingesting rations rich in fat than by those on a 
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diet rich in carbohydrate (corn starch). In some of the experiments 
in this investigation, fat or carbohydrate was fed at the high level of 83 
per cent of the total energy intake. The proportional distribution of 
the intermuscular, genital, subcutaneous, perirenal, mesenteric and 
omental depot fat was similar for animals of the same sex and body 
weight, regardless of the diet fed. Fat stored in different depots showed 
slight variations only in degree of saturation; differences in chemical 
nature were not coincident with the location of the fat. 

In animal husbandry attention has been paid to the question of 
distribution of fat in the body because of its bearing upon the value of 
the carcass. Hammond (104) who considers the problem of fattening 
of farm animals, remarks that fat deposited as marbling (intramuscular) 
fat is of much greater market value than the same amount of fat depos- 
ited in the caul (omentum) or mesentery. The richness in flavor and 
tenderness of meat which are highly appreciated are due largely to the 
presence of marbled fat (18). 

Extensive codperative experiments dealing with the “soft pork” 
problem have been reported (94, 105). These tests were conducted by 
the United States Department of Agriculture and by a considerable 
number of State Experiment Stations. The reports referred to contain 
a review of the earlier work done in this country and in other countries 
including Canada and Europe. Consideration will now be given to the 
studies of Ellis and co-workers who actively participated in the afore- 
mentioned coéperative experiments. 

Ellis and Isbell (70) have made a study involving the complete sepa- 
ration of the fatty acids of samples of fat obtained from hogs fed peanuts, 
soy beans, corn and skim milk, and brewer’s rice and tankage. Whole 
peanuts and beans have a fat content of 33 and 18 per cent respectively; 
the corn and skim milk ration contains about 4.5 per cent fat, whereas 
the ration of brewer’s rice and tankage has the very low fat content of 
one per cent. The body fat produced on the latter diet (low fat) was 
found to be very “hard.’”’ The carcasses of hogs produced on corn and 
skim milk were also “hard,” as evidenced by the iodine number and 
refractive index values of 53 and 1.4582, respectively. (The refractive 
index has been used extensively by Ellis and co-workers in measuring 
saturation and firmness of hog fats.) On the other hand, the hogs 
reared on peanuts and soy beans—feeds rich in oil—were “‘soft’’ and 
“oily.”” The iodine number and refractive index of one sample of ‘‘soy 
bean lard” was 101 and 1.4636, respectively. The oils of the peanut 
and soy bean have a pronounced effect on the composition of the lard. 
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A greater likeness was noted between peanut oil and “peanut lard” 
than between soy bean oil and “soy bean lard.” Whereas the very 
“hard” fat had a glyceride of linoleic acid content of about one per cent, 
one sample of “‘soy bean lard” contained as high as 38 per cent of this 
glyceride. Furthermore, in the very “hard” and ‘“‘soft’’ fat, the glyc- 
erides of saturated fatty acids amounted to 40 per cent and 24 per cent, 
respectively, of the total glycerides. Linoleic acid has an extreme 
softening effect. On the other hand, the saturated fatty acids display 
the opposite effect. In all samples of fat studied “palmitic acid and 
stearic acid occurred in a ratio of 2:1.” 

Ellis (106) has also reported on the changes in quantity and composi- 
tion of fat in hogs fed a peanut ration followed by a corn ration. Some 
young hogs which gained between 40 pounds and 50 pounds on the 
peanut ration were subsequently changed to the corn ration during 
which feeding period there was an average gain in body weight of 150 
pounds. As a result of the hardening process the body fats displayed 
the following changes: the iodine number was reduced from 93 to 63; the 
saturated fatty acids were increased from 19 per cent to 33 per cent; and 
the linoleic acid content was reduced from 23 per cent to 9 per cent. 

The relation of cottonseed oil in the diet to quality of fat in the hog 
has also been investigated by Ellis, Rothwell and Pool (107). Corn, 
peanut, and soy bean oils fed at a 4 per cent level of the ration produced 
a distinct softening of the body fat whereas cottonseed oil, fed to the 
same extent, had the opposite effect. When cottonseed oil was added 
to basal rations at 4, 8 and 12 per cent levels, the hardest carcasses were 
secured at the 4 per cent level. The higher quantities resulted in in- 
creasing softness. Among the striking changes in the fatty acid 
distribution there was a marked increase in the linoleic and stearic acids 
at the expense of the oleic and palmitic acids. Although the maximum 
content of total saturated acids occurred in the 4 per cent level, the 
maximum in stearic acid increased steadily up to the 12 per cent level; 
at this level of feeding, the stearic acid content (25 per cent) of the body 
fat was nearly twice that of the palmitic acid content. ‘‘It is suggested 
that the changes in composition of the lard are due to the presence in 
cottonseed oil of one or more isomeric forms of oleic or possibly linoleic 
acid which are converted readily into stearic acid.” | 

Eckstein (108) who fed fat-free diets and diets containing preformed 
fat, analyzed not only the body fat of the whole rat but also the fat of 
parts of the body including hide; all organs except the brain; brain; and 
carcass (residual part of the animal). Eckstein remarks: ‘‘A definite 
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change in the nature of the lipids was obtained as the result of the 
ingestion of myristic acid, triolein, and sodium butyrate. The butyryl 
radical was apparently not deposited in the tissues, while the other two 
were. Arachidonic and linoleic acids were always present in the tissues 
of the rat, and while the contents of the total lipids were found to vary 
considerably with the diets the amount of more highly unsaturated 
acids was appreciably altered only by the feeding of triolein.’”” Concern- 
ing the distribution of lipids in the various fractions, the percentage of 
total fat was found to be more constant in the hides than in the carcasses; 
and in accordance with the prevailing view the lipids in the organs con- 
tained more of the unsaturated acids than did the lipids of other parts of 
the body. Eckstein confirmed his observation that fatty acids of low 


molecular weights are not incorporated in the body fat of rats by feeding — 


tricaproin (109) and butter fat (110). Apparently tricaproin and the 
glycerides of the low fatty acids of butter are transformed into “new 
fat.” “Fatty acids of low molecular weight are probably utilized to 
synthesize saturated fatty acids with a mean molecular weight similar 
to that of those fatty acids synthesized from fat-free precursors.” 

Leube, cited by von Fiirth (98), had previously failed to find evidence 
that the volatile fatty acids of butter fat were deposited in the adipose 
tissue of a dog. Davis (111) also reports that tributyrin of dietary 
origin was not stored in the depot fat of the hen. Powell (112) remarks 
that the general effect of feeding tricaprylin agrees with that reported 
by Eckstein for the butyryl and caproyl radicals. On the other hand 
the feeding of trilaurin produced a depot fat which contained as much as 
25 per cent lauric acid. The observations that the lower fatty acids 
are not deposited in body fat led Hughes and Wimmer (113) to test the 
validity of the assumption that the short-chain acids in butter fat 
follow the path of absorption of non-lipids during the process of diges- 
tion. The results of their experiment which tend to prove that their 
assumption is valid indicate that there is no increase in the amount of 
soluble, volatile fatty acids present in the thoracic lymph as glyerides. 

Spadola and Ellis (53) compared the influence of feeding cottonseed 
oil and hydrogenated cottonseed oil with a low fat diet. On the latter 
dietary regimen myristic, palmitic, stearic, palmitoleic and oleic acids 
were found in the body fat. Palmitic acid accounted for nearly 30 per 
cent, oleic acid for almost 50 per cent and palmitoleic acid for 14 per cent 
of the total fatty acids. Obviously stearic acid, in comparison with 
palmitic acid, occurred in small proportions. The unsaturated compo- 


nents of the adipose tissue were more greatly influenced by the ingestion 
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of oil than were the saturated acids. The amount of linoleic acid 
deposited was approximately proportional to the quantity ingested. 
This observation is in accord with remarks regarding the occurrence of 
this fatty acid in the body fat of the hog (52, 70, 114). Increased 
deposition of linoleic acid was accompanied by a decrease of palmitoleic 
and oleic acids in the adipose tissue of the rat. Lack of sufficient mate- 
rial had made it impossible for Banks, Hilditch and Jones (115) to obtain 
decisive evidence regarding the deposition of palmitoleic acid but the 
finding of this constituent in the body fat of the rat by Spadola and Ellis 
(53) is confirmation of the work of Klenk, Ditt and Diebold (116). 
These German investigators reported the presence of this acid in the 
phospholipid-free fat of rats which had been fed whole barley grain 
(Gerstenschrot). 

Banks and co-workers (115) also reported that body fats of rats pro- 


i 


q duced under various dietary regimens contained 25 to 30 per cent of 
palmitic acid. The lipids produced on rations containing various levels 

: q of cod liver oil contained nearly nine per cent of unsaturated C2o,22 acids 
: and only four per cent of the less saturated constituent, namely, linoleic 
> acid. In comparing the fat of various species, these workers remark 
that “the proportions of stearic acid are strikingly different in the 
a body fats of the rat and of pigs, sheep and oxen. In the latter group 
‘ stearic is definitely a major component acid, occurring in widely vary- 


ing amounts. In the rat body fats it is equally clearly a minor compo- 
nent and occurs in proportions relatively small compared with those of 
palmitic or oleic acid.” The following comment is offered on this state- 
ment: Concerning the prominence of palmitic acid in hog fat, Ellis and 
Isbell (70) reported the occurrence of palmitic acid and stearic acid in 
the ratio of 2:1. The fats examined by these investigators were 
produced by hogs which varied in grade all the way from “hard” to 
“soft” and “oily.” Bhattacharya and Hilditch (117) who compiled 
many data based on molar distribution of fatty acids in the fat of hogs 
show the ratio of palmitic acid to stearic acid to range from over 3:1 to 
below 1.5:1. The data referred to include those obtained by these 
English investigators on the body fats of hogs reared on rations, some of 
which contained small amounts of shea butter fat (obtained from the 
seeds of the shea tree) and peanut oil. It would appear, therefore, on 
the basis of these remarks, that in hog fat, palmitic acid may be con- 
4 sidered more of a “major” component than stearic acid. Apparently 
( palmitic acid is deposited in appreciably larger quantities than stearic 
acid in the fat of hogs, except as previously noted, under a dietary 
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regimen which includes cottonseed oil (107). Concerning the distribu- 
tion of stearic and palmitic acids in mutton and beef, Hilditch (72) 
presents data to show that in mutton tallow stearic acid exceeds palmitic 
acid, whereas in beef tallow palmitic acid is deposited largely in excess 
of stearic acid. In beef tallow palmitic acid would appear therefore to 
be the “major” of the two acids. 

The influence of cereal diets on the body fat of the rat has been re- 
ported by Olcott, Anderson and Mendel (118). In this study the 
cereals, corn,,oats, wheat, or barley supplied 82 per cent of the total 
energy value of the ration and the various cereal oils furnished three per 
cent to ten per cent of the total calories. Body fats produced on these 
cereal diets exhibited iodine values ranging from 70 to 83; and the 
unsaturated fatty acid content was found to range from 68.5 per cent 
for fat obtained from rats reared on the barley diet to 75 per cent for fat 
of rats produced on the corn ration. Previous work done by Henriques 
and Hansen (119) had shown that the iodine value of the fat of bogs fed 
barley and maize was approximately 58 and 76 respectively. 

An interesting study made by Barbour (120) indicates existence of a 
threshold for saturated acids in the body fat of the rat. He observed 
that “the saturated acid content of the body fat may be lowered by 
feeding fats of low saturated acid content, but cannot be raised beyond a 
level of 25 to 27 per cent by feeding fats of higher saturated acid content. 
In the latter case the excess saturated acid is excreted in the feces, which 


may thus have a very high saturated acid content.” This limitation in | 


saturation is in marked contrast to the unsaturation of body fat which, 
as already noted (70, 101), can be influenced tremendously by the 
presence of fat in the diet. In this connection Barbour remarks that 
“in the albino rat fed at a 20 per cent level—the unsaturation of the body 
fat, as measured by the iodine value, is proportional to the unsaturation 
of the dietary fat.” 

Inasmuch as large amounts of hydrogenated fats are currently con- 
sumed, it is of interest to obtain information regarding the deposition 
and utilization of iso-oleic acid, a constituent of hardened oils and fats. 
Barbour (121) has reported such a study in which evidence is adduced 
that iso-oleic acid, an isomer or mixture of isomers of oleic acid, may 
serve as a source of energy as satisfactorily as other fatty acid com- 
ponents. Spadola and Ellis (53) also reported that ingested iso-oleic 
acid was deposited in depot fat. Schoenheimer and Rittenberg (122) 
who fed mice various amounts of deuterium-containing fat, found an 
indication that the largest part of the dietary fat is deposited in the 
fatty tissues before it is utilized. 
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Studies concerning the influence of dietary fat on fetal fat have 
yielded results of a conflicting nature. Needham (123) has reviewed 
the literature and Chaikoff and Robinson (123A) who also summarized 
previous studies, conducted a large number of feeding experiments with 
pregnant rats from which fetuses were obtained on the 20th or 21st day 
following impregnation. Fats which were fed at a 40 per cent level of 
the diet, ranged in iodine number from 8 to 179. Under these experi- 
mental conditions, “although marked variations in the degree of unsatu- 
ration of maternal fats were produced as shown by iodine numbers 
ranging from 36.3 to 145, the iodine values for fetal fat lay within the 
limits of 61.5 to 103.”” These observations indicate that as far as high 
fat diets are concerned, modification of fetal fat may occur within limits. 
The possibility is also suggested ‘‘that transmission of fat through the 
placenta does occur, and that once within the fetal organism, a qualita- 
tive transformation of this fat is effected.” 

Cruickshank (71) has investigated the effect of ingested fat on the 
composition of egg fat and of body fat of the hen. When fats which 
vary in solid (saturated) acids from 9 to 51 per cent are fed at a level of 
28 per cent of the ration, eggs are produced which contain not less 
than 24 per cent and not more than 30 per cent of saturated fatty acids. 
Apparently “the ingestion of saturated acids had relatively little effect 
in altering the normal composition of the mixed acids of egg fat.’”’ On 
normal cereal rations, containing protein supplements, the linoleic acid 
content of egg fat was 15 to 19 per cent, whereas on rations containing 
oils rich in linoleic acids, egg fat was produced in which this so-called 
essential fatty acid exceeded 40 per cent of the total mixed fatty acids. 
Grossfeld (124) reported that egg oil obtained from market eggs of 
Danish origin contains 18 per cent of linoleic acid. Variations in oleic 
acid and linolenic acid content of egg fats are indicated also by Cruick- 
shank (71). Concerning the effect of dietary fat on body fat of the hen 
this investigator who ascertained character of fat by means of the 
iodine value, interestingly remarks that the body fat is markedly in- 
fluenced by ingested fatty acids, irrespective of their degree of satura- 
tion. ‘‘It seems possible also that changes in the composition of the fat 
can be more rapidly induced in the bird than in the mammal, owing to 
the higher rate of metabolism of the former and the resulting rapid 
utilization of food.” Cruickshank includes in her report a survey of the 
earlier studies of fat metabolism in the hen. Hilditch, Jones and Rhead 
(125) who examined depot fats of hens fed rations containing four per 
cent or less of fat, reported on the distribution of the fatty acids. Ona 
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weight basis palmitic acid and stearic acid were present in the ratio of 
6:1; and the content of palmitoleic, oleic and linoleic acids were 7, 43 
and 19 per cent, respectively. 

Almquist, Lorenz and Burmester (126) who conducted tests on the 
relation of depot fat to egg yolk fat of hens, fed crude cottonseed oil, 
concluded on the basis of the Halpen test, that depot fat is not utilized 
to any important extent in the formation of yolk fat. This is confirma- 
tion of work reported by Henderson and Wilcke (127) who showed that 
Sudan III pigment is not transferred from the abdominal fat to the yolk 
fat. This dye appears in eggs three to five days ae it is included in 
the fatty component of the diet. 

The foregoing remarks concerning the relation of aie fat to body 
fat and to egg fat indicate some of the chemical transformations of fat. 
in the organism, and may serve to emphasize the vigorous investigation 
currently taking place in this field of lipid chemistry. 

RELATION OF DIETARY FAT TO MILK FAT. It was at one time believed 
possible to “feed fat into milk.” In 1866 Stohmann (128) fed goats diets 
high and low in fat in alternate periods. The percentage of mill# ob- 
tained with the low fat ration was 30 per cent lower than the percentage 
of the milk fat secreted during the ingestion of the high fat diet. This 
study furnished a striking illustration of the influence of diets rich and 
poor in fat on the fat content of the milk. Stohmann’s work has been 
previously overlooked in the discussion of the influence of fat-poor 


rations on milk and fat production. Soxhlet’s (129) statement in 1896 - 


that ‘normal butter fat is certainly a product of the activity of the 
lacteal glands” appears prophetic in the light of the recent work of 
Petersen, Palmer and Eckles (130) which indicates that the mammary 
gland of the cow takes a more active part in the formation of milk fat 
than was heretofore suspected. This investigation shows that the fat 
of the lactating gland is intermediate in composition between the body 
fat and butter fat. The fat of the non-lactating gland is similar in com- 
position to body fat. 

Maynard and McCay (131) in their summary of the early work on the 
origin of milk fat from the food have pointed out that the pioneer work 
of Jordan and co-workers (36, 37) demonstrated the fundamental fact 
that the food carbohydrate is a source of milk fat. From the large 
number of studies conducted by Morgan, Beger and Fingerling (132, 
133, 134) on sheep and goats it was concluded that, whereas carbo- 
hydrate can be utilized to manufacture milk fat, fat itself is a more 
suitable material, and that within certain limits the percentage of fat 
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in the milk is influenced by its content in the feed. Maynard and 
McCay (131) point out that while the differences obtained were fairly 
consistent they were small in most cases and that the significance of 
many of the data is questionable because the rations compared differed 
with respect to their ingredients and also as regards the quality of their 
protein and other factors. 

These experiments among others raised the important question, which 
has been studied by Maynard and McCay (131, 135), as to whether 
carbohydrate is equally as satisfactory as fat, from the standpoint of 
physiological economy and of yield of secreted product, as the food 
source of milk fat.. These investigators have shown clearly that a low- 
fat diet decreases the milk and fat yields of dairy cows. In one period 
they fed a typical dairy ration; in an alternate period the same ration 
in which the fat was extracted from the grain component and replaced 
by an isodynamically equivalent amount of starch, was fed. Their 
work indicates that in high yielding cows there is a limiting factor in the 
synthesis of milk fat from carbohydrate. This limiting factor may be 
the result of one of two apparent possibilities or of both. First, it may 
be the result of the inability of the cow to synthesize fat from carbo- 
hydrate in sufficient quantities to meet the demands of the lactating 
gland in which case the cow limits the amount of milk secreted in order 
to maintain a constant fat percentage of milk. In the second place, 
the gland in its production of milk fat may require certain specific fatty 


’ acids which the animal is unable to synthesize. 


The possible need of essential fatty acids in lactation is suggested by 
the evidence cited in the previous section of this review on Essential 
Fatty Acids. Bender and Maynard (136) studied this problem in 
lactating goats by substituting linseed or coconut oil for an equicaloric 
amount of starch in a low-fat ration (0.45 per cent ether extract). No 
difference was obtained between the influence of the unsaturated oil 
and the saturated oil on the milk and fat yields. The limited observa- 
tions were interpreted to indicate that at least one of the causes of the 
lowered yields on a fat-poor ration is a lack of fat per se. A further 
study of this same problem was conducted by Williams and Maynard 
(137) who also used lactating goats. They employed a more highly 
purified ration (less than 0.2 per cent ether extract, regenerated cellulose 
as roughage) as the basal fat-free diet to which was added in different 
feeding periods butter oil, coconut oil, palmitic and stearic acids, and 
oleic and linoleic acids. In every case the fat-free ration caused a very 
rapid drop in milk yield and an equal or greater decline in fat yield. 
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These declines ranged from 25 to 65 per cent for the various goats from 
the start to the end of the period. In no case did the inclusion of a 
fat supplement in the ration have any effect on milk yield beyond arrest- 
ing wholly or in part the decline on the fat-free ration, although the 
butter oil and coconut oil increased the fat percentage. At present 
there is no evidence to postulate the lack of the so-called essential fatty 
acid as the cause of the decline of milk and fat yields in herbivora on 
low-fat rations. Rather, the lack of fat per se, appears as the important 
factor. | 

The study of Hansen (138) and that of Véltz (139) in feeding coconut 
oil meal and palm kernel oil meal pointed to a slight increase in the 
percentage of the milk fat but poor technique obscured the significance of 
their results. The investigations of Frederiksen (140) with the same 
oil meals show an increase in fat percentage large enough to offset the 
decrease in milk yield. These experiments appear to be significant. 
Confirmatory evidence has been reported by Brouwer (141) and Schmidt 
and Vogel (142). Perkins (143) obtained negative results with coconut 
meals whereas the positive results of Honcamp and co-workers (144) were 
inconsistent. Beger (145) has shown that the feeding of butter fat to 
goats increased the fat percentages of the milk. Allen (146) has demon- 
strated a marked increase in the butter fat yield of dairy cows fed whole 
milk in addition to the regular ration. 

Much of the work on the feeding of palm kernel oil, coconut oil and 
butter fat to lactating animals lacks significance due to the fact that the 
augmented fat content of the milk resulted from lowered milk yield 
_ rather than to the influence of increased dietary fat. ‘The work as a 
whole, however, indicates a positive effect in increasing yield of fat. 

Maynard (147) has recently summarized the evidence as follows: ‘As a 
result of the many studies of the influence of specific dietary fats on milk 
fat percentage, two findings stand out—the one, that cod liver oil 
lowers fat percentage and the other, that feeding butter raises it. The 
explanation of the latter may lie in the fact that the gland is presented 
with exactly the same fatty acids which it needs for its secretion. 
Among the many contradictory and inconclusive studies of the influence 
,of other dietary fats on fat percentage those by European investigators 
reporting positive effects from coconut oil meal and palm kernel oil meal 
high in fat are sufficiently consistent as to merit attention. These fats 
are rather unique as regards fatty acid distribution in containing, as does 
milk fat, a considerable amount of acids lower than Cys, though not 
containing the very low ones present in milk fat. Since butter itself is 
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effective, perhaps a fat with a fatty acid distribution approaching it in 
some respects would have some effect. The recent report of Allen 
(148) that a high fat diet obtained by the use of a variety of fats uni- 
formly raises fat percentage, at least temporarily, represents more 
constant and positive results than have previously been reported.” 

There are numerous reports concerning the influence of feeding cod 
liver oil to lactating cows. Golding and coworkers (149) found a 
decrease of about 30 per cent in the fat. Petersen (150) and Hart and 
coworkers (151) offer confirmation of this result. Golding (152) 
reported that the non-saponifiable fraction of the oil did not cause the 
lowering of the milk fat. McCay, Maynard et al. (153) confirm these 
observations and report further that the injurious fraction is carried by 
the triglycerides of the cod liver oil. A recent study by Hilditch and 
Thompson (58) of the fatty acids secreted in the butter fat of cows 
ingesting various oils (rape oil, linseed oil and cod liver oil) indicates 
that the causative agent resides in the highly-unsaturated Coo-22 glyc- 
erides which are notably present in cod liver oil. The milk fat produced 
on the cod liver oil diet contained five to seven per cent of the highly- 
unsaturated Ceo-22 fatty acids. They suggest that selective adsorption 
of these highly-unsaturated compounds by the enzymes of the mammary 
gland, responsible for the elaboration of typical cow milk fats, retards 
(acts like a “catalyst poison,”’ analogous to an antioxidant) their normal 
function and causes the observed effect on lowering the percentage of 
milk fat secreted. 

The studies of Gage and Fish (154) indicate that the source of milk 
fat is different in the carnivorous and omnivorous animals from that of 
the herbivorous animals. In the carnivorous and omnivorous animals 
where fat has a relatively important place in the natural diet, the milk 
fat arises more directly from the fat of the food. As pointed out by 
Mendel and Daniels (155) and corroborated by Gage and Fish the fat 
depots are readily drawn upon as a source of milk fat in case of insuffi- 
cient fat in the food. In the case of herbivorous animals where fat 
apparently plays a less important part in the natural diet, the milk 
fat arises to a greater extent from the carbohydrate of the food. Gage 
and Fish found by their technique (fat soluble dye) that the goat wag 
intermediate between the cow and the rat in its ability to use food fat as 
a source of milk fat. Commenting on this work and that of Petersen, 
Palmer, and Eckles (130), Bloor (156) states: “‘These results indicate that 
the mammary gland in the cow takes a definite part in the formation of 
milk fat, which would go to explain the lack of direct connection be- 
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‘tween food fat and milk fat in herbivorous animals as compared with 
the direct connection noted in omnivorous and carnivorous animals.’ 
In human lactation studies Macy and coworkers (157) found that milk 
fat was equivalent to 74, 50 and 43 per cent of the total fat intake of 
three individuals. 

The work of Holland and coworkers (55) and of Bender and Maynard 
(136) show that the quality of the fat in the diet exerts an effect on the 
quality of the butter fat, constituting evidence that the food fat is an 
important source of the milk fat. The more saturated the fat of the 
food, the lower was the iodine number of the butter fat, and the opposite 
result occurred when the food fat was more unsaturated. Significant 
work reported by Brown and Sutton (158) shows the effect of feeding 
menhaden oil on the milk secretion and the composition of butter fat 
in the cow. The oil tended to lower milk production, percentage of fat, 
and total fat yield. Resumption of the feeding of the control diet 
brought about a slow recovery of normal milk and milk fat production. 
The characteristic highly unsaturated acids of the fish oil passed in small 
amounts into the butter fat, the analytical constants of which showed it 
to be a mixture of butter fat and menhaden oil. Buschmann (159) 
added vegetable oils to the ration of dairy cows varying from 0.4 to 1.0 
kilo of oil per day per 1000 kilos of body weight without obtaining a 
significant change in fat content of the milk. The chemical and physical 
constants of the milk fat were altered in such a way as to indicate that 
approximately 18 per cent of the particular oil had gone directly into 
the milk fat. 

Studies (57, 58, 160) of the dietary influence of linseed oil, rape oil 
and particularly cod liver oil on the fatty acids of milk fat clearly 
demonstrate that ingestion of certain oils by lactating cows causes 
striking modifications of the butter fat secreted. Recently Maynard, 
McCay and Madsen (161) have reported a study with cows fed in alter- 
nate periods, rations containing fats of a high and low degree of unsatu- 
ration. In half of the cases a marked change was noted in the iodine 
number of the milk fat secreted during the first 18 hours following a 
change in ration, and in all cases within the next 24 hours; the maximum 
change was attained within three or four days. These data furnish 
evidence of a close relationship between food fat and milk fat and are 
opposed to the conclusion of Gage and Fish (154) that in the cow, milk 
fat is derived only to a small degree from the fat of the food. 

In conclusion, it seems evident that in the carnivore and omnivore 
there is a direct relationship between the food fat and the milk fat. 
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In the herbivore, this relationship appears less direct. The recent 
studies demonstrate a markedly rapid effect of the quality of food fat 
on that of milk fat in the herbivorous animal where carbohydrate has 
been shown to be an important source of milk fat. In addition it 
appears evident that below a certain minimum fat intake, the production 
of milk fat from carbohydrate is limited. The indications are a closer 
relationship between dietary fat and milk fat which places a stronger 
emphasis on the importance of food fat as a source of milk fat than was 
previously recognized. 

THE ALLEGED TOXICITY OF COD LIVER OIL. During the last ten 
years there has appeared a long series of papers by Agduhr and other 
Scandinavian workers (162, 163, 164) claiming that cod liver oil may 
exert a harmful action when administered over long periods of time. 
Agduhr (165) working with mice, rats, rabbits, calves, pigs and dogs 
described pathologic changes produced by the oil even when given in 
doses as low as 0.1 cc. per kilo per day. The most serious and char- 
acteristic lesion was degeneration and fibrosis of the cardiac muscula- 
ture. Animals of different species were found to differ in their sensi- 
tivity to the toxic action of cod liver oil, rabbits and mice being much 
more susceptible than rats and dogs. Electrocardiographic examina- 
tion of the affected animals showed that the conducting tissue was 
damaged, giving rise to irregularity and branch bundle block. The 
toxic factor was found to be associated with the saponifiable, or fatty 
acid, fraction of the oil (166). Agduhr (167) has claimed that the 
experimental periods reported in the literature were too short to produce 
the characteristic injuries in the rat which is one of the species least 
susceptible to the toxic action of cod liver oil. In this connection it is 
interesting to note that Cox and Roos (168) were not able to demonstrate 
any lesions in rats fed for 130 days a diet furnishing 78 per cent of the 
calories in the form of cod liver oil. Reference will be made shortly to 
long time experiments (unpublished) conducted at Yale University. 

Harris and Moore (169) and Bell, Gregory and Drummond (170) 
have presented evidence indicating that the inclusion in the diet of 
large amounts of cod liver oil causes retardation of growth of the albino 
rat. Norris and Church (171) thought that the toxicity was due to 
nitrogenous bases like isoamylamine and choline, but Bell and coworkers 
(170) found no experimental basis for this hypothesis. They demon- 
strated that the subnormal growth was not due to any of the recognized 
factors of the unsaponifiable portion of cod liver oil but were unsuccessful 
in isolating the factor responsible for this effect. Madsen, McCay and 
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Maynard (172) published a series of experiments which suggested that 
there was a relationship between cod liver oil and muscular degeneration 
of herbivora fed synthetic diets. The heart was frequently involved, 
and a fatty liver was a characteristic finding. The substitution of a 
vitamin A-D concentrate markedly delayed the onset and lessened the 
severity of the injuries. While the omission of a cod liver oil product 
from the synthetic diet did not entirely eliminate the ill effects, the 
addition of cod liver oil to a diet of natural foods produced the char- 
acteristic muscle lesions. The authors concluded that both the cod 
liver oil and some other factor of the synthetic diet were causative 
agents in the production of the lesions. Previous reference (58) has 
been made to the alleged influence of the highly unsaturated Coo-22 
glycerides in cod liver oil on milk fat production. Perhaps these same 
components of the oil may be responsible for the observed subnormal 
growth in rats and also for changes in tissues in herbivora. 

Along with Bell, Gregory and Drummond, and Norris and Church, 
other investigators have stated that the addition of a liberal amount of 
yeast to the diet of rats fed cod liver oil improves rate of growth. How- - 
ever, current investigations in Laboratory of Physiological Chemistry, 
Yale University (173) do not support the claim for any protective action 
of yeast. In the case of mice no improvement in growth was noted 
even when a liberal amount of yeast was added to the diet containing 
20 per cent cod liver oil. Concerning tissue lesions, histological studies 
of heart, liver, kidney and muscle tissue of rats and mice fed large 
amounts of cod liver oil for approximately one year did not reveal 
pathological changes which could be interpreted as being caused by the 
cod liver oil. 

DIGESTIBILITY AND ABSORPTION OF FAT. Studies on different animal 
species, including man, with a variety of dietary fats have presented 
ample proof that food fat is readily digestible. The early studies in this 
field have been ably reviewed by Bloor (174, 175). Langworthy (176) 
has reported an extensive series of experiments in which tests of digest- 
ibility were made of oils and fats including hydrogenated fats. The 
results indicated that most of the common fats which are utilized 93 to 
98 per cent by the human body, can be readily tolerated in sufficient 
quantity to furnish more than 1000 calories, or more than one-third of 
the average energy consumption. It was also indicated that the digest- 
ibility coefficient of fats with melting points above body temperature, 
(37°C.) varies inversely with the melting point. Krakower (177) 
observed complete absorption in humans who consumed fats of a widely 


. 


362 WILLIAM E. ANDERSON AND HAROLD H. WILLIAMS 


different character and in amounts which varied enormously (8 gm. and 
128 gm. daily). Levine and Smith (178) reported that rats fed fat 
which furnished 86 per cent of the total energy intake utilized 98 to 99 
per cent of ingested fat. 

Holt and coworkers (179) have written an extensive report based on 
studies of various factors which influence fat absorption in normal in- 
fants. They believe that barring conditions of low fat intake the most 
significant measure of fat absorption is the percentage of fat retained. 
In feeding tests with homogenized cow’s milk, and with unemulsified 
butter in cow’s milk, it was shown that the size of fat particles is without 
influence on fat absorption. In this connection it is recalled that in- 
digestibility of cow’s milk as compared with breast milk has been 
attributed to the alleged larger globules of fat. Volatile fatty acids fed 
freely in the form of butter with added tributyrin and free volatile fatty 
acids were found to be well absorbed. The influence of length of fatty 
acid chain upon absorption was also studied. Two highly saturated 
fats, coconut oil and a 2:1 mixture of tripalmitin and tristearin (iodine 
number 2) were compared. The former fat (iodine number 8) contains a 
considerable proportion of fatty acids with only 12 and 14 carbon atoms, 
whereas tripalmitin and tristearin are composed of fatty acids of 16 and 
18 carbon atoms, respectively. The results, which confirm earlier work, 
show that the shorter chain fatty acids were more completely absorbed. 
Limited evidence is also presented to show that the chemical constitu- 
tion of the fat rather than its melting point is the important factor in 
fat absorption. Partially hydrogenated corn oil (melting point 52°C. 
and iodine number 50), and a tripalmitin-tristearin mixture (melting 
point 52°C. and iodine number 2) were fed, with the result that the 
retention of the hydrogenated product was 83 per cent as compared with 
only 62 per cent for the saturated fat mixture. On the basis of this 
observation the comment is made that ‘‘contrary to the general belief 
the melting point of a fat is not per se the factor determining absorp- 
tion.”” Lyman (180) who observed great differences in the absorption 
of glyceryl stearate and glyceryl palmitate in the dog, has also ques- 
tioned whether absorption of fat is entirely dependent on melting point. 

Holt and coworkers who extended their studies to include a compari- 
son of the absorption of various natural fats and proprietary fat mixtures 
designed for infant feeding, remark that ‘‘the differences in retention—- 
with most of these fats were relatively small and for the normal subject 
could have but little practical significance.’”’ With respect to peanut 
oil, the statement is made: “Although clinical experiences with peanut 
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oil appear to have been favorable, evidence from experimental animals 
suggests that these long chain acids may not be readily disposed of by 
the body and may accumulate in the liver, a fact which leads one to 
question the advisability of giving a diet rich in peanut oil for a pro- 
longed period of time.’”’ For evidence in support of this statement, 
reference is made to a number of studies of the lipids of livers. Exam- 
ination of these various studies shows that in most of them the dietary 
history of the animals from which the livers were obtained for investiga- 
tion is not indicated; furthermore, mention of the inclusion of peanut 
oil in any of the dietary regimens is not made. Barbour (120) who has 
fed peanut oil to rats “at a level of 20 per cent in a diet otherwise 
normal,’’ did not find an accumulation of fat in the liver. In the same 
study it was also shown that arachidic acid of ponent oil is almost 
quantitatively excreted. 

Tidwell et al. (181) confirmed previous observations that premature 
infants and twins have marked difficulty in fat absorption. In such 
infants it was found that olive oil and soy bean oil are better absorbed 
than butter fat. 

Steenbock and collaborators (182) have determined the rate of absorp- 
tion of different fats in rats. The technic (183) adopted for measuring 
absorption involved the feeding of a definite quantity of fat and subse- 
quent analysis of the intestinal residues. Concomitant use of the 
chylomicron method and the hemolipokrit method for determining 
blood fat did not give satisfactory results according to observations of 
these workers. The percentage of fat absorbed from the alimentary 
canal of rats was determined at various intervals—2 to 12 hours—after 
feeding a definite quantity (1.5 ¢.c.) of fat. Butter oil, halibut liver oil, 
and cod liver oil were absorbed uniformly at a more rapid rate than lard, 
corn oil, or partially hydrogenated fats. The rate of absorption of 
butter fat falls between these two groups. There was some indication 
that the quantity of unsaponifiable matter present in halibut liver oil 
and in cod liver oil was partly responsible for the lag in the absorption 
of these oils in comparison with butter oil. Many of the examined fats 
did not vary greatly in their absorption. There was, however, in a four 
hour test period a very decided difference in the rate of absorption of 
olive oil (63 per cent) and oleo stock (36 per cent). In setting forth 
their results, Steenbock and coworkers state that they did not attempt 
to determine whether or not rapidity of absorption is physiologically 
advantageous. 


In a survey of the literature Verzdr (184) has ably presented the facts 
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and the gaps in our knowledge regarding the absorption of fats. De- 
tailed consideration is given to the réle of lipase and of bile and a brief 
discussion is presented of the pathological disturbances of fat absorption. 
From his most recent studies with rats (185, 186) fat absorption appears 
to be dependent on an active process in the intestinal mucosa which 
synthesizes the fatty acids to phospholipids and neutral fats, under the 
influence of the adrenal cortex. In the absence of the hormone the 
fatty acids diffuse freely into the cells but are not synthesized to neutral 
fat in the intestinal epithelium. 

FAT IN THE DIABETIC DIET. The ‘cream’ which appears in the blood 
of diabetics led early investigators to think that in diabetes not only 
carbohydrate but also fat metabolism was impaired. The discovery of 
insulin made it possible to draw a distinction between the lipemia of the 
diabetic in acidosis and that seen in diabetes without acidosis. Man 
and Peters (187, 188) have shown that the lipemia of diabetic acidosis is 
transitory and is related chiefly to the dehydration of the acidosis. 

The problem of the amount of fat in the diabetic diet is still unsettled. 
Allen’s starvation treatment of diabetes and the Petren and the New- 
burgh and Marsh (189, 190) high fat diets are of historical interest in 
this connection. Peters at the present time gives to the average dia- 
betic 125 to 175 grams of fat daily which represents 50 to 70 per cent 
- of the total calories (191). Joslin, an enthusiast for undernutrition of 
the diabetic, writes that he does not think the fat in the diet of his 
hospital patients within the last year “has been permanently below 50 
grams or over 120 grams’”’ (192, p. 261). “The average patient based 
upon a group of 30 selected cases treated at the George F. Baker clinic 
recently, was found to be on a diet of carbohydrate 149 grams, protein 
70 grams and fat 83 grams”’ (192, p. 258). In this diet, fat furnished 46 
per cent of the total calories. Rabinowitch (193) who has advocated 
high carbohydrate, low fat diets recommends 50 to 55 grams of fat 
which, in the diets of ten typical patients, represents 28 per cent of 
the total calories. Other sponsors, cited by Man and Peters (194), of 
the high carbohydrate, low fat diets give slightly different proportions 
of fat. 

In this review article it is impossible to summarize all the scientific 
and clinical data which form the basis for these diverse diabetic diets. 
Peters (191), in his treatment of the diabetic, feels that the individual 
as a whole must be considered. A diet adequate in calories is most 
conducive to general health, to resistance to infectious diseases and to an 
efficient output of energy. To determine whether the diabetic is pecul- 
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iar in his absorption of fat, twenty experiments on alimentary lipemia 
were conducted with 14 diabetics, fed 125 to 175 grams of fat daily. 
With one exception, the alimentary lipemia in diabetes differed neither 
in kind nor degree from that of normals and therefore the experiments 
presented no evidence for the restriction of fat in the diet (195). 

Undernutrition with some limitation of caloric intake has been advo- 
cated by Joslin because of a statistical relationship between diabetes 
and obesity (192, p. 61). Such statistical correlation cannot be taken 
lightly as evidence of cause and effect. In formulating diets for the 
treatment of diabetes, it must be remembered that it is a wasting disease 
and the dangers of undernutrition with accompanying increased suscep- 
tibility to infectious diseases such as tuberculosis cannot be minimized 
(194, 196, 192, p. 129). The question may be raised whether the low 
cholesterol values which Joslin considers indicative of bad prognosis 
are not referable merely to malnutrition. 

Rabinowitch in recommending the high carbohydrate, low fat diet 
has expounded the arguments that ‘‘excess blood cholesterol is an im- 
portant etiological factor in the production of arteriosclerosis in the 
young diabetic” (197) and that the blood cholesterol is lower on a high 
carbohydrate, low fat diet. Other authors, cited by Man and Peters 
(194), present a variety of opinions in regard to the relation of cho- 
lesterolemia and arteriosclerosis. Man and Peters (194) in their study 
of 79 diabetics, “found severe arteriosclerosis with or without hyper- 
tension evident in patients with serum cholesterol normal, below normal 
and above normal.” Furthermore, the evidence that the amount of 
fat in the diet determines the level of serum cholesterol has not been 
substantiated by Bruger and Poindexter (198), Curtis, Sheldon and 
Eckstein (199), or by Man and Peters (194). 

A second argument advanced by Rabinowitch (200) that the low fat, 
high carbohydrate diet increases the carbohydrate tolerance of the 
diabetic has been investigated also by Barach (201), Rosenberg (202), 
Czoniczer and Kolta (203), and Geyelin (204). Rabinowitch (193) 
studied 10 patients for whom he had prescribed first his old diet with 
140 to 150 grams of fat and subsequently his new high carbohydrate diet 
with only 56 grams of fat. The insulin requirements of seven of these 
patients decreased on the new diet but all of them received 100 to 260 
fewer total calories on the new diet than on the old. Of the two patients 
who received equicaloric diets containing different amounts of carbo- 
hydrate and fat, one required 20 units of insulin on each diet and the 
other required five more units on the new low fat high carbohydrate 
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diet. Geyelin’s claim that on high carbohydrate diets, the insulin 
requirement per gram of carbohydrate diminishes, is of doubtful sig- 
nificance. The absolute amounts of insulin prescribed by him for eight 
patients rose in three and fell in three instances. MacBryde (205) in 
studying different types of diabetes has found that insulin requirements 
are only occasionally reduced by the use of a high carbohydrate low fat 
diet. 

The diabetic, like any normal individual, for his general well-being 
and his resistance to infectious diseases depends upon an adequate and 
well balanced diet. In the light of present knowledge a liberal quantity 
of fat in this diet appears justified. 
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DRUGS AFFECTING PARASYMPATHETIC NERVES 


V. E. HENDERSON anp M. H. ROEPKE 
‘ Department of Pharmacology, University of Toronto 


The purpose of this review is to set forth the effects produced by 
the exhibition of a group of drugs which modify the action of para- 
sympathetically innervated organs, in pharmacological as opposed to 
toxic concentrations. An examination of the older literature reveals 
the earlier experimenters were often, and naturally, at a loss for a 
criterion as to what constituted a reasonable dose range to be used in 
the analysis of the phenomenon under. examination and the literature 
is confused by the citation of results of experiments which are of no 
physiological and only doubtful toxicological importance, as the more 
important toxic symptoms arise largely from effects on the central 
nervous system. One or two cases of this type are cited. Further, 
an indication is given of the development of our knowledge, and a dis- 
cussion as to where and how the drugs may act. 

Only literature that is necessary to illustrate these points is cited, 
but it is hoped that such citations will be adequate for any one wishing 
to pursue the matter more closely. 

Atropine. The discovery of the inhibitory action of the vagus nerve 
on the heart by the Weber brothers in 1845 and of the secretory effect 
produced by the stimulation of the chorda tympani by Ludwig and by 
Claude Bernard in 1851, laid the foundation for the pharmacological 
study of the drugs to be considered in this review. The drugs are often 
termed parasympathomimetic drugs. The first known of the group 
does not mimic the action of nerve stimulation but rather the effect 
of abolition of the nervous action. This drug is atropine. The action 
of atropine was known from cases of poisoning by the berries or other 
parts of Atropa Belladonna long ere Mein in 1831 and Geiger and Hesse 
in 1832 isolated the alkaloid atropine. Indeed, according to Binz 
(1891), Johannes Weyer in the 16th century must have experimented 
with it for he describes the amusement caused if a person, before a 
good repast, were given a little vinous extract of the root and how the 
unfortunate victim was prevented by his dry mouth from sampling 
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the viands set before him. The fast heart was also known, but natu- 
rally more attention was paid to the toxic symptoms from the side of 
the central nervous system. 

Bezold and Bloebaum in 1867 proved that in both the frog and the 
dog, vagus stimulation no longer produced a decrease in cardiac rate 
after atropine had been given. Schmiedeberg (1870) proved to his 
satisfaction that the effect must be produced on the endings of the 
vagus, since stimulation of the postganglionic fibres from the sinus 
crescent in the frog was also ineffective, while after nicotine such stimu- 
lation produced inhibition. Further it had long been recognized that 
atropine did not affect nerve fibres in their course through the tissues, 
and it was of course apparent that the heart muscle continued to carry 
on its functions. 

This argument has not always been accepted, since Gaskel (1883) 
implies that the explanation might be that atropine brings the heart 
to such a state (of irritability or excitability) that vagus stimulation 
no longer is able to affect it. Nor to-day can this position be negatived 
or supported by the old observation going back to v. Schroff, Frohlich 
and Lichterfels (1852) that the heart rate is primarily reduced by’small 
doses of atropine. This observation has been too frequently omitted 
from pharmacological texts, though frequently confirmed, more recently 
by Platz (1922), Rudolf and Bulmer (1924), McGuigan (1921). Though 
Cushny (1924 a) states that slowing may occur after cutting the vagi 
or after the vagus has been depressed by an initial dose, in these cases 
the dose causing slowing was undoubtedly high and toxic to the heart 
muscle. The difficulty lies in part in the fact that the early observers 
had no measure of what was to be considered a physiological dose. 
Kisch (1926) denies that a second small dose will decrease the rate in 
frogs. Rhode and Ogawa (1912) doubt the results of previous observers 
and their experiments showed that doses just adequate to prevent 
vagus inhibition did not change the oxygen consumption, while such 
doses as caused a secondary slowing did so. 

Heinekamp (1922) seems to have shown clearly the slowing produced 
in dogs by doses as small as 0.3 mgm. of atropine in oil subcutaneously 
is due to an effect on the medulla, a central stimulation of the cardiac- 
inhibitor centre. Gremels (1936) has also shown that very small 
doses, 1 to 10 y, toa cat may produce an increase in vagus irritability. 

If the recent observations of Jourdan and Nowak (1936), which 
indicate that the vagus nerve contains fibres arising from the medulla 
whose stimulation produces cardiac acceleration, prove to be correct, 
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the acceleration that is sometimes observed after atropine with vagus 
stimulation in mammals, is amply explained. 

The careful studies of Crawford (1924) and Marris (1916-17) reveal 
that while 1/100 grain will give only a decrease in rate of some 8 beats 
per minute, 1/50 to 1/33 will give an initial decrease followed by an 
increase of some 20 to 40 beats, the maximum rate being reached in 
some 20 to 30 minutes and the effect declining for an hour. Typhoid 
patients, even with the larger dose, gave a decrease, or at most an 
increase of 7 beats. The increase in normal persons was greatest in 
young adults, becoming much less over 70, and in some cases of disease, 
mitral stenosis, was still less. A maximum increase is only produced 
by 1/10 grain. 

In 1872 Heidenhain showed clearly that the stimulation of the 
chorda tympani after atropine no longer led to salivary secretion, but 
stimulation of the sympathetic did so. He also proved that even 
after atropine, the blood flow through the gland increased on nerve 
stimulation. Langley’s (1878 a) experiments indicate that in the dog 
100 mgm. of atropine did not depress sympathetic stimulation, while 
only 15 mgm. depressed the chorda completely. Langley and Dicken- 
son (1890) proved that while after nicotine chorda stimulation pro- 
duced no secretory effect, stimulation by electrodes sunk into the neck 
of the gland still produced secretion, as postganglionic fibres were thus 
reached. 

Alternating chorda with sympathetic stimulation, leads to the 
sympathetic producing a greater flow of saliva and MacIntosh and 
Rawlinson (1935) showed that this was true, even when after atropine 
chorda stimulation produced no secretion. Nor could this greater 
secretion be explained as due to a greater blood flow. While all this 
evidence does not prove that chorda and sympathetic stimulation act 
on the same cells in the gland, it does show that even after atropine 
has abolished the secretion produced by chorda stimulation, the action 
of this nerve produces changes which affect the cells reached by sym- 
pathetic impulses. | 

Barcroft (1901) reported that after atropine, chorda stimulation 
caused an increased COs: loss from the gland but that the uptake of 
oxygen which stimulation produced under normal conditions did not 
occur. Ewing (1911) has sh »wn that atropine decreases the quantity 
of saliva in man and of its solids and amylolytic power, but the latter 
recovers first when secretion is not entirely suppressed. 

Langley (1890) showed that the effect of stimulation of the nerve of 
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Jacobsen to the parotid gland is also depressed by atropine. Tear se- 
cretion is also depressed (Magaard, 1882). 

Again, Riegel (1899) and Adlor (1900) produced evidence that 
gastric secretion was decreased in amount by atropine and that the 
secretion was less acid. Keeton, Luckhardt and Koch (1920) found 
that 1 mgm. completely inhibited gastric secretion in dogs, while 
smaller doses might decrease the quantity and the pepsin content more 
than the acidity. As in the case of the pancreas, differences in results 
in various experiments will depend on the presence or absence of 
hormonal secretion, as Babkin and Sawitsch (1908) showed that atro-— 
pine did not affect the action of secretin. Polland (1930) showed that 
gastric secretion produced by histamine was decreased in total amount, 
acidity and pepsin content, while the hydrochloric acid percentage in- 
creased slightly. Uschakow’s (1896) acute experiments on pithed dogs 
made clear that vagus stimulation after a long latency (minutes) led 
to gastric secretion and that atropine abolished this secretion. Uscha- 
kow, and apparently Babkin, hold that the long latency suggests that 
the vagus contains both augmentor and inhibitor secretory fibres. 

Sawitsch and Ssoshentstwenskij (1922) demonstrated that the secre- 
tion of intestinal juice produced by vagus stimulation was decreased in 
quantity and ferment content by atropine. 

Pawlow (1878) produced evidence that atropine decreased the pan- 
creatic secretion in dogs and this was confirmed by Afanassiew and 
Pawlow (1878); but the irregular effects described by these and other 
workers are doubtless explained by the actions of hormones. As 
Babkin and Sawitsch (1908) and Bijlima (1911) showed, it did not 
abolish secretin juice while it could that caused by stimulation, as was 
clearly shown by Modrakowski (1906). The continuous secretion in 
rabbits could not be prevented by atropine (Pawlow, 1878; Gottlieb, 
1894). A further difficulty was cleared away by Korovitsky (1923) 
when he showed that the vagus supplies contractile fibres to the ducts 
and that their contraction may decrease the flow. These also are 
depressed by atropine. 

Cushny (1924b) states that Bernstein and Dogiel observed in 1866 
that the contraction of the pupil produced by stimulation of the os- 
culomotor was abolished by atropine, and Adamuck 1870 showed 
that this was true of stimulation of the postganglionic fibres, while 
the muscle still responded to stimulation. Anderson (1906) proved 
that while atropine removed or prevented the action of pilocarpine 
on the denerved sphincter, it did not prevent contraction when the 
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animal was asphyxiated. Poos (1927) working with the isolated 
sphincter or dilator muscle, demonstrated that atropine causes a fall 
of tone and decrease of movements in the sphincter pupillae, but had 
no effect on the dilator. The ciliary muscle is also depressed and these 
effects account in part, if not completely, for the increase in intraocular 
pressure. 

That the vagus endings in the bronchial muscle are depressed was 
shown by Dreser (1889), Einthoven (1892), Beer (1892) and Weber 
(1914), by Pedden, Tainter and Cameron (1935) for the arecoline spasm, 
and Trendelenburg (1912) for the isolated musculature. 

According to Szpilmann and Luchsinger (1881) the augmentation 
produced by vagus stimulation of the smooth but not the striated 
muscle of the esophagus, was depressed by atropine. Langley (1898), 
who repeated in dogs some observations of Openchowski (1889), found 
that the cardiac sphincter was supplied by both augmentor and inhibi- 
tory fibres from the vagus and that the inhibition became more marked 
after atropine in a dose of 10 to 20 mgm. A somewhat similar observa- 
tion was made by May (1904), who found that vagus stimulation first 
produced a diminution of tone and movements of the stomach. Re- 
peated vagus stimulation gave an increase in tonus, especially marked 
in the cardiac portion, while in the pyloric region increase in movements 
was more conspicuous. Atropine seemed to prolong the inhibition 
but even enormous doses, 100 mgm., did not prevent vagus stimulation 
from producing increased movements. While the inhibition might be 
explained did the nerves stimulated in these experiments contain 
sympathetic fibres, though this seems improbable, one cannot help 
being reminded of the evidence produced by Jourdan and Nowak (1936) 
that the vagus contains both augmentor and inhibitor cardiac fibres. 
Further, there is evidence that the state of gastric tonus influences the 
effect of drugs. Brown and McSwiney (1926) showed that a concen- 
tration of 1:1.25 X 10-* decreases the movements produced by pilo- 
carpine in isolated gastric slips. . There is, indeed, abundant and con- 
cordant agreement that the increase of tonus and gastric contractions 
produced by pilocarpine is readily decreased by small doses of atropine; 
and Titelbaum (1926) has shown that the gastric movements recorded 
by a swallowed balloon in man are decreased by atropine, even in a 
dose of 0.3 to 0.5 mgm., while larger doses, 1 mgm. and over, are neces- 
sary if food has been taken. 

Small doses of atropine, 1 mgm. or less, often appear to leave the - 
movement of the small intestine unaffected, though Bezold and Bloe- 
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baum (1867) described the gut as less active; and Harnack (1878) 
tested its effect in reducing the spasm of lead colic. Zunz and Tyse- 
baert (1916) interpret their experiments as showing that atropine 
affects intestinal tonus more than movements, 0.001 mgm. per kgm. 
in dogs. Yet the importance of the effect of atropine has been ob- 
scured by many observers, who worked under such experimental con- 
ditions that pharmacological effects could not be demonstrated, but 
merely toxic ones. A typical example is the work of Magnus (1904) 
who had the merit of introducing the isolated gut method. His con- 
trol of physiological bath conditions and technique was so poor that 
atropine appeared to produce no effect, save in a concentration of 
1:4000 and in this concentration appeared to stimulate. His belief 
was strengthened by the experiments of Langley and Magnus (1905). 
Hence the common assertion in text books that small, or in the more 
discerning, large doses stimulate. Unger (1907) showed that atropine 
produced a decrease in tonus and movement in a concentration of 
1:2 million and less. This Magnus (1908) denied as a result of re- 
peating his work. There is no doubt on examining the tracings he 
adduces, that the bath fluid was responsible, probably too acid. All 
subsequent workers have confirmed Unger rather than Magnus, but 
even Cushny (1924c) accepts the results of Magnus rather than of the 
unimportant Unger. 

Had Magnus regarded clinical observations, he would have been 
more doubtful of the value of his own. Doses believed by clinicians 
to affect intestinal spasms and-which are certainly effective elsewhere 
in the body are 1 to 2 mgm. for a man of 70 kgm. (155 lbs.) one part in 
70 millions body weight or 1:5 million in blood concentration. Toxic 
doses run from 10 to 60 mgm. so that a concentration of 1:4 to 1 mil- 
lion would be within toxic limits; 1:4000 seems fantastic. 

There is do doubt that even low concentrations abolish the tonus 
increase produced by physostigmine and pilocarpine, as Unger first 
showed, and decreases the contractility of the gut in a concentration of 
1:375 millions, Liljestrand (1919). Henderson (1922-23) produced 
evidence that doses of 0.1 to 0.2 mgm. in dogs decreased gut tonus. 
Plant and Miller (1926) showed in unanesthetized dogs that 0.2 mgm. 
decreased gut tonus and movements; and Ganter (1924) the same in 
human beings with 1 mgm. subcutaneously. Jacobi (1891), Liljestrand 
(1919) and LeHeux (1919 a) on better evidence than that of Magnus 
. state that large doses may stimulate, but this does not seem to be 
clearly established, save perhaps when extremely high concentrations 
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are reached, which are of no importance. But Jacobi (1891), Bayliss 
and Starling (1899), Cushny (1910) and Henderson (1922) have all 
shown that the rhythmic movements of the gut are increased by vagus 
stimulation even after doses of 10 to 30 mgm. to a dog. Plexus-free 
small intestinal strips were first studied by Magnus (1905), but his 
technique throws doubt on the results. Gasser (1926) and van Esvald 
(1928) working with carefully controlled plexus-free preparations have 
shown that choline, pilocarpine and physostigmine may increase the 
tonus and the movements of plexus-free gut strips, and that atropine 
decreases this effect or decreases normal movements. The results are, 
however, somewhat irregular and the concentrations as a rule higher 
than for plexus-containing strips or normal gut. 

Trendelenburg (1917) who suggested the method for recording 
peristalsis in the isolated guinea-pig gut, unfortunately used high 
concentrations of atropine and his results were irregular in some cases, 
causing gut activity, in other cases abolishing the intestinal response 
to rise of pressure, but if low concentrations are used there is a definite 
fall in gut tonus, but response occurs though a higher pressure is re- 
quired to elicit them and the peristaltic response soon fails. There is 
as yet an unexplained relationship between gut tonus and peristaltic 
movements. The local stimulation of the contractile mechanisms is 
not abolished by therapeutic concentrations. 

The movements of the intestinal villi are increased by vagus stimula- 
tion and the effect of such stimulation is abolished by atropine (v. 
Ludany and Jourdan, 1936). 

The activity of the large gut in man is decreased by 1 mgm. of 
atropine, Ganter and Stattmuller (1924), Katsch (1914). Langley 
and Anderson (1895) showed that even after large doses, pelvic stimula- 
tion caused contraction of the colon. The urinary bladder suffers a 
fall of tonus with 1 mgm. or less of atropine, while even after large 
doses up to 100 mgm. in cats contraction of the same extent is produced 
by sacral root stimulation (Langley, 1912) (Henderson, 1922). Yet 
the character of the contraction changes, Henderson and Roepke 
(1934-35). Before the administration of atropine, a urinary bladder 
contracting against an opposing elastic resistance produces a flat- 
topped curve which lasts slightly longer than the stimulation and 
declines slowly. After atropine, while the pressure produced is as 
great, the fall occurs abruptly even during stimulation. It was for 
this reason that Henderson and Roepke postulated two mechanisms, 
a contractile one not depressed by atropine and a tonus mechanism 
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readily depressed. It is by no means impossible that the intestinal 
canal possesses two such mechanisms, certainly contraction occurs on 
vagus stimulation after atropine, but tonus remains low. 

On sympathetic innervations. Luchsinger (1877) observed that the 
sweat secretion of the pads in cats was abolished by atropine and 
Langley and Anderson (1891) proved that the sweat-producing nerve 
fibres were sympathetic in origin. 

Vessels. While there is abundant evidence (Cushny 1924 d) that 
large doses or high concentration of atropine dilate vessels, this falls 
without the range of our discussion, though occasionally in susceptible 
persons a reddening of the face occurs with pharmacopoeial doses. 
Yet in certain vascular areas where sympathetic stimulation causes 
vasodilatation due to acetylcholine production, atropine annuls this 
effect (Dale, 1914; Hunt, 1918; Bulbring and Burn, 1935). 

In the isolated guinea pig uterus, pilocarpine causes a contraction 
and atropine abolishes this effect (Fiihner, 1916; Cushny, 1910; Fardon, 
1908). 

It is evident that atropine diminishes or in higher concentrations 
prevents the normal effect of nerve stimulation in the case of all exam- 
ined parasympathetic and many sympathetic endings, but the concen- 
tration necessary to completely prevent or to diminish the effect of 
stimulation varies with the organ in question as Henderson (1923) has 
shown and is clinically well known. A dose of 2 mgm. (1/100 gr.) will 
decrease salivary, bronchial and nasal secretion and diminish gut tonus; 
yet the heart rate is decreased, not increased. While in a dog 1 mgm. 
will usually completely abolish the effect of cardiac vagus stimulation, 
it requires 5-15 mgm. to completely remove the effect of chorda stimu- 
lation. The facts cited in regard to typhoid fever again indicate that 
the functional state must be considered (Marris, 1916). 

Hyoscyamine. Pure laevo-hyoscyamine seems to have been first 
obtained by Gadamer. Most of the early work, and indeed much of 
the later, was carried out with impure preparations. Cushny (1903) 
however, using a pure laevo form, was able to show that it was twice 
as active as atropine, its racaemic form, in its action on the pupil, the 
cardiac vagus and saliva. Dextrohyoscyamine was only 1/12 to 1/15 
as active as the laevo form in these cases. These observations have 
been substantially confirmed by von Oettingen and Marshall (1934), 
though in the case of the rabbit, owing to the destruction of the alka- 
loids by the serum, the ratio does not hold; and by Jendrassik and Will 
(1930) in good experiments where low concentrations were used, who 
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showed that the ratio of laevo-hyoscyamine to atropine held for the 
isolated gut. Laidlaw (1909) seems to have found that the laevo form 
was 100 times as active as the dextro on the iris and 25 times on the 
vagus. Though the hyoscyamines have not been studied on all the 
organs, there is reason to believe that the effect of laevo-hyoscyamine 
will be precisely that of atropine. It may be noted that Pilcher (1934) 
found that in children the blush caused by atropine was also produced 
by laevo-hyoscyamine, and in the same ratio as Cushny established. 
He attributes this to a central effect, but it is quite possible that it too 
is peripheral in origin. 

Hyoscine. The early papers on this alkaloid, which are well reviewed 
by Kochmann (1903), were nearly all carried out with impure speci- 
mens of the alkaloid, and indeed Cushny and Peebles (1905) seem to 
be the only authors who adequately studied pure preparations. They 
found that on the salivary secretion the laevo form acts twice as 
strongly as the racaemic, and also on the cardiac vagus. The laevo 
form appears to be roughly 5 times more active than laevo-hyoscy- 
amine; and the other authors who have studied its action seem to 
agree that it is more potent, but its effect disappears more rapidly. 

Homatropine. This was isolated by Ladenburg and was studied 
by Bertheau in 1880. He found that it led to an increase in cardiac 
rate in dogs and in rabbits and prevented the effect of vagus stimula- 
tion. It caused dilatation of the pupil and removed the effects of 
muscarine. Tweedy and Ringer (1880) also observed its effect on 
the heart, pupil and sweat glands. The pupil is more rapidly dilated 
than by atropine, but the effect disappears more rapidly. This has 
been confirmed by many observers. Jendrassik and Will (1930) 
showed that homatropine was about 1/10 as effective as atropine in 
removing the pilocarpine effect from gut. 

Muscarine. Although certain of the effects produced by muscarine 
had long been known through cases of poisoning by mushrooms, it 
was not till Schmiedeberg isolated the alkaloid from Amanita muscaria 
that its effects could be accurately studied, as mushrooms also contain 
choline. Schmiedeberg and Koppe (1869) demonstrated the decrease 
in cardiac rate, the salivation, the temporary constriction of the pupil, 
the increased intestinal activity, the dilatation of vessels of the rabbit’s 
ear and the expulsion of urine and faeces. There was at first much 
difference of opinion as to how these effects, particularly the decrease 
in cardiac contractility and rate, were produced. It might be due to 
a poisoning of the muscle or a stimulation of the vagus inhibitor mecha- 
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nism. Observations such as those of Léwit (1882) led to confusion, as 
he was unaware that the vagus in frogs contained sympathetic fibres. 
Rhodius and Straub (1905) doubt certain of the previous observations; 
they found that a second dose never increased the effect of the first. 
These workers and Cushny (1893) described clearly cases with de- 
creased rate, contractility being unaffected or apparently increased, 
owing to increased filling time; or decrease in both rate and contractility 
and decrease in conductivity; auriculo-ventricular block, while in other 
cases the ventricle appeared to cease contracting while both auricle 
and sinus were active; loss of auricular contraction without loss of 
conduction and decrease in tonus. Gaskell (1882) described experi- 
ments in which the effect of muscarine could be increased by vagus 
stimulation, though this is denied by Jonescu (1909) who found that 
muscarine even when the heart rate was not reduced, had decreased 
the effectiveness of vagus stimulation. The numerous experiments 
by Kobert, (1886), Harnack and Witkowski (1876) and those above 
mentioned and others, finally led to the belief that muscarine stimu- 
lated the inhibitory vagus endings. Rothberger and Winterberg 
(1910) showed that the vagus in dogs failed to produce its usual effect 
after muscarine. Ott and Field (1878) proved that the sweating pro- 
duced by muscarine was due to a peripheral action. Prevost (1874) 
confirmed most of the observations of Schmiedeberg and demonstrated 
an increase in intestinal and pancreatic juice and bile. Dixon and 
Brodie (1903), Trendelenburg (1912) (on isolated muscle) and Weber 
(1914) have all shown that muscarine produces a constriction of the 
bronchi. Battelli (1897) demonstrated the increase in gastric activity 
produced by muscarine with the balloon method, and Schiitz (1886) 
with isolated dogs’ stomachs. 

The knowledge of the action of muscarine on the intestine was ex- 
tended by Bayliss and Starling (1899), who unlike the earlier workers 
using merely visual observations, recorded the effects with the balloon 
method and found that 0.3 mgm. to a dog intravenously produced an 
increase in tonus and rhythmic movements. Gasser (1926) and van 
Eswald (1928) showed that muscarine caused a stimulation, but accord- 
ing to the latter plexus-containing strips were some 100 to 200 times more 
sensitive than plexus-free. 

Hanc (1898) showed that the body of the urinary bladder contracted 
with muscarine, while the sphincter relaxed. 

The whole picture of the action of muscarine has been somewhat 
confused by the discovery by Schmiedeberg and Harnack (1877) of 
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an artificial muscarine produced by the action of nitric acid on cho- 
line. Dale (1914), aided by Ewins, has clearly shown that this syn- 
thetic, pseudo, nitric acid muscarine is in reality a nitroso-choline 


CH,ONO 


(CH3)3N . Dale also describes a nitric derivative. The 
OH 


synthetic muscarine resembles in its effects the natural product, but 
differs from it both qualitatively and quantitatively. The action on 
the pupil is much less, it produces less vasodilatation and as Boehm 
(1885) showed, has a curara-like action on skeletal muscles. 

The recent work of Kégl, Duisberg and Erxleben (1931) has shown 
quite clearly that natural muscarine is a choline derivative with a 
branched side chain containing a terminal aldehyde group. 


CHO 
(CH;);N—CH 
\CHOH -CH:-CH; 


Pilocarpine. The extract of pilocarpus was first used, according to 
Binz (1891), by a Brazilian physician Cutinho (1874) who showed its 
ability to produce marked sweating; and various extracts were promptly 
studied on patients, which disclosed its gross effects. The alkaloid 
pilocarpine was isolated in 1875 by Gerrard and by Hardy, while Weber 
(1876) published the first observations on the pupil and sweat and 
salivary glands. Erich Harnack and Meyer (1880) made the first 
detailed study of its action. They showed that pilocarpine caused 
either an arrest or a decrease in cardiac rate in frogs and mammals and 
that vagus stimulation, when the heart was slow, caused merely an 
acceleration; and also in mammals vagus stimulation failed to have its 
usual effect after pilocarpine. The pupil was contracted by local ap- 
plication, the gut showed increased activity and spasm, as did the 
uterus and urinary bladder. It also caused bronchial secretion. All 
these effects were abolished or prevented by atropine. MacLean 
(1908) made a closer study of its action on the frog’s heart. He found 
that pilocarpine and muscarine only produce inhibition if stimulation 
of the crescent were effective and if the crescent were repeatedly 
stimulated, then neither pilocarpine nor muscarine produced inhibition. 
When pilocarpine was effective, tonus, rate, contractility and conduc- 
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tivity were all decreased. Gaisbock (1911) showed again that pilo- 
carpine decreased the effect of sinus stimulation. Loewi (1912) found 
that this decrease in effectiveness of vagus stimulation occurred regu- 
larly in frogs. In rabbits too, it occurred with even small doses, 2 
mgm., at times, but in other cases did not even if 89 mgm. were given; 
nor does he consider the failure as due to the occurrence of an idio- 
ventricular rhythm. He quotes experiments and authorities to show 
that even vagus stimulation itself may become ineffective, though with 
smaller doses there is a summation of the effect of vagus and drug. 
Marshall (1904) had found that pilocarpine, 10 mgm. to a rabbit, was 
ineffective after prolonged vagus stimulation. Repeated doses of 
pilocarpine also lose their effect. 

Curschmann (1877) first called attention to the fact that with thera- 
peutic doses of pilocarpine in man, the cardiac rate is increased by a 
few beats per minute and a decrease does not occur. Various observers 
have dealt with this point. According to Blomberg and Ronnell 
(1930), the increase occurs before sweating and lasts several minutes, 
up to 30, and may amount to 13-17 beats. Their normal rates were 
low and Platz (1922b) found much increase only in vagotonic persons 
who sweated profusely. The mechanism may be reflex from the 
activated glands, or in some cases is probably due to the liberation of 
epinephrine. 

Langley (1878b) noted that pilocarpine produced saliva, and his 
experiments suggest that pilocarpine in certain doses decreased the 
effectiveness of chorda stimulation. Pilocarpine acts even after the 
chorda has been previously cut for days (Maevsky, 1923), though it 
appears less effective (Fleming and MacIntosh, 1935), probably be- 
cause the gland has decreased in size. 

There is a great difference of opinion as to the character of the saliva 
produced, even from the submaxillary gland alone. Langley, for 
example, says that it is more viscid in dogs. This probably depends 
on factors as yet unrevealed (Lucas and Henderson, 1936). Ewing 
(1911) showed that 10 mgm. produced a long-continued (1? hour) 
flow in man, which might amount to some 350 cc., with increasing and 
then decreasing content of solids. The total amount of ptyalin is 
increased, but not necessarily its percentage. The secretion of tears, 
nasal mucus and bronchial secretion (Leyden, 1877) is also increased 
by pilocarpine. 

The effect of pilocarpine on pancreatic secretion is not great and 
might be explained as due to the contraction of the ducts (Korovitsky, 
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1923). Gottlieb (1894) found that it produced an increase in the con- 
tinuous secretion in rabbits, but his experiments are not free from the 
possibility of the increase being due to secretin, as the increased secre- 
tion reported by Camus and Gley (1913) appears to be, since they 
removed the whole of the small intestine. 

The early experiments of Riegel (1899) which appeared to show an 
increase in gastric secretion with pilocarpine, needed confirmation in 
view of the possibility of an hormonal effect. Zitowitsch (1902) showed 
that the amount of gastric secretion was much less in amount and was 
more tardy than that of the salivary glands and needed larger doses 
to produce it. Amantea (1924) showed that 4 to 10 mgm. caused a 
secretion almost as acid as that produced by feeding meat or bread. 
Toby (1936) showed that pilocarpine produced a gastric secretion re- 
sembling that produced by feeding, as it was rich in pepsin, contained 
more mucin and a lower acid content than that produced by histamine. 

That the intestinal secretion was increased, was shown by Vella 
(1881) and others and clearly confirmed by Schepowalnikow and by 
Sawitsch (1899), and atropine abolished this action. Luchsinger 
(1877) showed that the secretion of sweat was produced by a peripheral 
action. 

The original observations that pilocarpine applied locally led to a 
contraction of the sphincter of the pupil, have been confirmed by many 
workers, but to Anderson (1906) goes the credit for the most detailed 
examination of the phenomenon. He found that pilocarpine was even 
more effective than normally, after cutting the preganglionic long 
ciliary nerves and after removal of the ciliary ganglion. It also caused 
pupillary constriction after the postganglionic fibres have degenerated; 
in each condition the effect of pilocarpine was removed by atropine 
(also Niitani, 1929). The ciliary body also contracts. Poos (1927) 
confirmed the effect of pilocarpine on the isolated sphincter muscle 
and showed that it had no effect on the radial one. 

Winkelstein and Aschner (1924) proved that pilocarpine produced 
a contraction of the gall bladder and also increased the tonus of the 
sphincter of Oddi. Various observers have shown that the increased 
tonus produced by pilocarpine is diminished by atropine (Ivy, 1934). 
That the bronchial musculature is contracted by pilocarpine was 
shown clearly by Dixon and Brodie (1903) and Weber (1914), and on 
isolated muscle by Trendelenburg (1912). The concentration or dose 
required to produce much effect is above that to produce salivation. 
The increased activity and tonus of the gastric musculature was shown 
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by Schiitz (1886), Batelli (1897) and Ganter (1924), who found that 
10 mgm. in man increased both tonus and contractility, as judged by 
the swallowed balloon method. 

That pilocarpine produces a rise of tonus and increased rhythmic 
movements of the intestine, has been shown by many observers, for 
example Bayliss and Starling (1899) with the balloon method. Neu- 
kirch (1912) showed in isolated rabbit gut a tonus increase in a concen- 
tration of 1:10-1:20 millions pilocarpine, and increased contractility. 
Gasser (1926) and van Eswald (1928) showed its action on plexus-free 
strips. 

Trendelenburg (1912) showed that a concentration which did not 
appear to produce any effect on the isolated guinea pig gut, led to the 
gut showing a peristaltic response to a lower pressure. Trendelen- 
burg’s tracings suggest a slight increase in tonus and this has certainly 
occurred in all cases in the authors’ experience when the threshold for 
pressure was decreased. Bergman and Katsch (1913) and Ganter and 
Stattmiiller (1924) have made evident the increase in tonus and 
activity produced by pilocarpine in therapeutic doses in man. 

The urinary bladder contracts on the administration of pilocarpine, 
as do the ureters, in spite of their purely sympathetic innervation. 

Fiihner (1916) observed that the isolated uterus contracted when 
exposed to a concentration of 1:1 million, though Fardon (1908) and 
Kehrer (1907) had found much higher concentrations necessary and 
Cushny (1910) found that it caused contraction of the pregnant uterus 
of the cat and relaxation of the non-pregnant, in both cases paralleling 
the action of the hypogastric. The pilocarpine action was promptly 
abolished by atropine, but not the effect of nerve stimulation. Unfor- 
tunately, he does not state the doses used and probably his results are 
due to ganglionic stimulation or adrenaline secretion, as explained by 
Dale and Laidlaw (1912). 

Dale and Laidlaw showed that pilocarpine led to a secretion of 
adrenaline and caused a stimulation of ganglia in doses of about 4 
mgm. to a cat. 

The experiments of Brodie and Dixon (1904) showing that pilocarpine 
produced vasodilatation are of little value, but those of Hunt clearly 
prove its dilating action on certain vessels. The vessels of the sub- 
maxillary glands are dilated by doses just causing secretion, as are 
those of the genital organs. 

Arecoline. Arecoline was isolated by Jahns in 1888. Marmé (1890) 
seems to have been the first to have made a study of the pure alkaloid. 
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He noted that it constricted the pupils promptly, decreased the rate 
of frogs’ hearts, caused bronchial and salivary secretion and increased 
peristalsis. Lavagna (1895) showed that on local application to the 
conjuctiva, it has a more marked effect on the pupil than pilocarpine, 
but somewhat less than physostigmine. The pupillary action occurred 
quicker than with pilocarpine and the ciliary body was less affected 
than the iris. Féhner (1894) showed that it acted on the intestines 
like pilocarpine, caused contraction of the spleen and bronchi. Meier 
(1907) showed that it decreased the activity of the frog’s heart in very 
low concentrations, even after atropine. Patz (1910) studied particu- 
larly its effect on the intestinal canal, where it increased movements in 
the intact animal. On the isolated gut it caused increase in the rhyth- 
mic movements in a concentration of 1:80 millions or less. These 
concentrations caused little or no increase in tonus, but 1 in about 20 
millions produced a maximum tonus increase. Trendelenburg (1912) 
showed that it acted on isolated bronchi and was more active than 
pilocarpine, though there are no exact figures. The evidence shows 
that arecoline causes increased activity of all the organs supplied by 
parasympathetic fibres which have been tested, and acts on smooth 
muscle in a similar fashion to pilocarpine, but in all cases where exact 
comparisons have been made or may be drawn from the valid experi- 
ments, it seems to be more active than pilocarpine, and save for the 
doubtful experiments of Busquet (1933), no qualitative difference in 
action from pilocarpine. 

Physostigmine. Calabar beans were brought to England in 1840 
and Christison (1855) and Fraser (1863) studied the effects of their 
extracts, as did many observers in Europe. Erich Harnack and Wit- 
kowski (1876) first studied the effects of the pure alkaloid and showed 
that some of the effects produced by the extracts were due to other 
alkaloidal principles. 

Harnack and Witkowski showed that the application of 0.5 mgm. in 
solution to an exposed frog’s heart caused a decrease in rate, with 
larger beats. During this stage stimulation of the vagus or the sinus 
no longer produced cardiac arrest, but only a decrease in rate. If the 
frog’s heart action had been arrested by muscarine, physostigmine 
locally applied produced beats, but not a restitution to normal, as 
atropine did. They then perfused the frog’s heart and obtained, de- 
pendent in part on the strength of the solution used, decrease in rate 
with increase in tonus and arrest in a partial systole, a condition not 
relieved by atropine; or a slower rate and finally an arrest in diastole. 
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Further perfusion with 1:5000 solution for a short time made a previ- 
ously active vagus inactive. In all their experiments the dosage ap- 
plied must have been high. Yet it is apparent that the most marked 
effect with smaller dosage or in the early stages of large ones, is a de- 
crease in rate. This might be due to a stimulation of the vagus and 
was abolished by atropine. The increase in tonus and other effects 
of higher dosage appears to be due to an action on the muscle. 

Hedbom (1898), working with isolated hearts (rabbits, cats), showed 
that strong solutions caused a great rise in tonus, but that 1:100,000 
caused only slowing and decrease in excursion. Solutions 1:5000 
caused increase in tonus after atropine. Kobert (1886) also performed 
experiments which indicate a direct stimulating effect of physostigmine, 
for example a frog’s ventricle at rest after a second Stannius ligature 
can be made to beat by the application of a physostigmine solution. 
Here again no real evidence is found by which one may judge of the 
absorbed amount and consequently whether the dosage was small or 
large. A dose of 2 mgm. intravenously to a cat caused a little decrease 
in cardiac rate but no effect on pressure, while 5 mgm. produced a 
primary rise in pressure (probably vascular) and then a decrease in 
rate with some decrease in cardiac tonus, these effects are promptly 
abolished by atropine. Further injections of physostigmine produce 
less and less effect and vagus stimulation becomes ineffective. 

Various observers have, however, called attention to a much more 
important phenomenon, namely, that after a small dose of physostig- 
mine which produces no apparent cardiac effect, vagus stimulation 
becomes more effective, i.e., either the same amount of slowing is 
produced with less voltage, or a greater or longer slowing with the 
same stimulus, Winterberg (1907) 0.1 mgm. or less per cat, Loewi and 
Mansfeld (1910). The latter also showed a similar increase in irrita- 
bility for the chorda and Dixon and Ransom (1924) for the vagus to 
the bronchial musculature, while Anderson (1906) describes a similar 
effect on the ciliary nerve. 

As Tsehboksaroff (1911) and Stewart and Rogoff (1921) have shown 
that the injection of physostigmine leads to a release of adrenaline, 
probably due to ganglionic stimulation, this factor must be considered 
when dealing with the effect of physostigmine, both on the heart and 
circulation. 

The earlier observers working with calabar extract had discovered 
the contraction of the pupils and this was confirmed by Harnack and 
Witkowski (1876) for the alkaloid, and since that time it has had a 
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wide clinical use. Anderson (1906) showed that while it acted after 
section of the postganglionic ciliary nerves, it failed to produce its 
effect after they had degenerated; confirmed by Niitani (1929). 
Poos (1927) showed that it contracted an isolated sphincter but had 
no effect on the radial fibres. 

Physostigmine causes contraction and increased peristalsis in the 
stomach and small and large intestines, Harnack and Witkowski; 
and Schiitz (1886) confirmed this in the isolated stomach. Battelli 
(1897) confirmed this action for the stomach in man, Subbotin (1869), 
Jacobi (1891) for the intestine in animals, Unger (1907) on isolated gut 
strips; and Gasser and van Eswald showed that occasional plexus-free 
strips might react. Plexus-containing strips were more sensitive (1: 100, 
000 to 1:15 million). According to Dixon and Ransom (p. 806) small 
doses 2 mgm. for a cat and 4 to 5 for a dog, increase the irritability of 
the vagus to the gut. 

The bronchial muscles are constricted and again the effect of vagus 
stimulation is increased (Dixon and Brodie, 1903). Trendelenburg 
(1912) showed that it constricted isolated bronchial muscle. Again 
Dixon and Ransom state that 1 mgm. physostigmine brings about an 
increase in the tonus and rhythmic movements of the urinary bladder 
of cats and dogs, which are diminished by 0.5 mgm. of atropine, but 
they state the tonus increases again. Kehrer (1907) also, with isolated 
uterus, found increase of tonus and movements with 1:200,000. As 
Subbotin pointed out, physostigmine also contracts the ureters. Physo- 
stigmine also causes increased salivary secretion even after the ganglia 
are paralysed with nicotine, and as Heidenhain observed, it increased 
the effectiveness of chorda stimulation after atropine. All the other 
glands of this group, lachrymal, parotid and bronchial, are also stimu- 
lated by physostigmine. The secretion of the pancreas in rabbits is 
slightly increased and also its solid content (Gottlieb, 1894). Pewsner 
(1906) produced evidence that the gastric secretion is increased by 
doses of 0.2 to 0.3 mgm. per kgm. in dogs. It also produces a secretion 
of sweat. 

Nicotine. Posselt and Reimann isolated the liquid alkaloid nicotine 
in 1825. <A case of poisoning directed attention to its action in 1851 
and led to experimentation on animals by Orfila (1843), Bernard and 
van Praag (1855) and others. Hirschmann (1863) performed experi- 
ments which showed that nicotine depressed the cardiac vagus and the 
cervical sympathetic so that stimulation no longer decreased cardiac 
rate or dilated the pupil. Mayer and Truhart showed that stimulation 
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of the crescent in frogs was effective when nicotine had abolished the 
effect of vagus stimulation. Heidenhain (1872) described the effect 
of nicotine on submaxillary secretion. Langley and Dickenson (1889) 
showed that the local application of nicotine to the superior cervical 
ganglia led first to its stimulation and then to its depression and in a 
further series of researches (Langley 1890-1901) this observation was 
extended to other accessible ganglia with the same result. Hence the 
effect of intravenous administration can be clearly interpreted and it 
became evident that nicotine first led to a stimulation at the ganglia 
and then a depression, such that a stimulation of the pre-ganglionic 
fibres was ineffective. It was also clearly shown that the stimulation 
with any but the smallest effective doses was temporary and passed 
into a depression, while with larger doses the stimulation phase might 
not be evident. The work of Feldberg and Vartiainen and of Eccles 
has clearly shown that the effect of nicotine is on the ganglionic cell, 
and that when any effect is produced by preganglionic stimulation, 
acetylcholine is still produced. Langley (1901) had demonstrated that 
nicotine acts on sympathetic ganglia after the degeneration of the pre- 
ganglionic fibre and must then react with the cell. 

Choline. According to Boehm (1885) Gaehtgens seems to have been 
the first to describe the action of choline and Boehm’s work served to 
confirm and extend that of his predecessor. When injected, choline 
produced a flow of tears, salivation, temporary constriction of the pupil 
and slight decrease in rate of the heart of the frog, while Gaehtgens had 
obtained complete arrest, but in cats with 10 to 20 mgm. a rise in blood 
pressure with a slight decrease in rate. Miiller (1910) confirmed this 
decrease in rate and showed that it occurred even if the vagi had been 
cut. He also showed that it caused a dilatation of vessels of the limbs, 
gut, kidney and brain, a rise of tonus even in supposedly plexus-free gut 
strips and a contraction of the uterus and iris. A short flow of saliva 
was obtained from the submaxillary gland of the cat with 5 mgm. and 
an increase in blood flow through it. Atropine abolished these effects 
and converted the fall of blood pressure into a rise. This was probably 
due to a stimulation of the sympathetic ganglia, as was shown by Dale’s 
(1914) careful study, where 1 to 10 mgm. intravenously to cats caused a 
fall in pressure due to a peripheral vasodilatation, while after atropine 
25 mgm. caused a rise. Atropine prevented the peripheral vasodilata- 
tion but did not prevent the stimulation of ganglia by choline. 

Handowsky and Pick (1912) showed that choline produced some 
dilatation of the vessels of the frog. Chang (1929) presented some evi- 
dence that choline caused gastric secretion from a Heidenhain pouch. 
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The whole subject of the action of choline was lifted into another 
realm by the work of Hunt and Taveau (1906), though some years 
elapsed before the full fruits of this work became evident. But from 
the publication of the fuller work in 1911 the question of the action of 
choline became in most respects subordinate to that of its derivatives. 

The first striking effect of Hunt’s discovery was the use of the method 
of acetylation for the detection of choline. LeHeux (1919b) found that 
the fluid in which active strips of gut had been immersed contained a 
principle which increased the activity of other gut strips and he was 
able to show chemically that the principle was choline, whose action 
could easily be identified by the extraordinary increase in its activity 
by acetylation. Further, when the gut had been washed repeatedly it 
was inactive and the activity could be restored by choline. This led him 
and Magnus (1920) to consider choline as the hormone for gut activity. 
Indeed, a paper by LeHeux (1921) suggests that the needed principle 
was acetylcholine, as the addition of sodium acetate to the washed gut 
restored its activity. In 1914 Dale published an important paper on 
the action of choline esters, which has in part been referred to above. 
He completely confirmed Hunt’s account of the activity of acetylcho- 
line, as little as 0.001 y (one millionth of a milligram) causing a recog- 
nizable fall in blood pressure. It took 10 y to cause a slight cardiac 
slowing and this did not occur after atropine. If the dose of acetyl- 
choline were increased, particularly after atropine had been given, a rise 
of blood pressure occurred, which Dale considered was due to a stimula- 
tion of sympathetic ganglia as it was abolished by nicotine and was not 
central in origin. 

Owing to the review published by Alles (1934) and that by Gaddum 
and Dale (1936) and the fact that another review of the whole develop- 
ment of the action of acetylcholine and its release by various nerve 
endings is to be published in these Reviews, it appears unnecessary 
to discuss the discovery of the humoral transferal of the nerve impulse 
by acetylcholine by Otto Loewi (1921-24) which has had such a pro- 
found influence upon physiological and pharmacological thought. 
Much of this work, however, is fundamental to any consideration of 
the site of action of the drugs we are reviewing, and will be adduced 
in this connection. Hence only a few points essential to our further 
consideration will be referred to here. Loewi and Navratil (1924) 
showed that acetylcholine was produced in the heart by stimulating 
the vagus nerve, even when atropine had prevented any apparent 
effect of the stimulation. Gibbs and Szeléezey (1932) and Henderson 
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and Roepke (1932-33) showed that this was true in the case of the 
stimulation of the chorda tympani, and has also proved to be the case 
in other examples, e.g., Dale and Feldberg (1934) in the case of the 
stomach. Further, Loewi showed that physostigmine prevented the 
action of the choline esterase and accounted for the potentiation of the 
effect of stimulation. The work of Kibjakow (1933) as extended by 
Feldberg and Gaddum (1934), shows that acetylcholine serves as the 
means of transferal of the impulse from the preganglionic fibres of the 
superior cervical sympathetic to the ganglion cell and leaves little 
doubt that in this case the acetylcholine is produced by the nerve 
endings and not by the cell (Feldberg and Vartiainen, 1934). 

These discoveries led Dale (1933) to suggest the descriptive term 
cholinergic for those nerves whose stimulation leads to the peripheral 
release of acetylcholine. Unfortunately this term is not synonymous 
with parasympathetic and the suggestion of Frank, Nothmann and 
Hirsch-Kaufmann (1923) that those structures responding to acetyl- 
choline should be considered as parasympathetic no longer holds 
good, and the older idea of Hans Meyer that the purely anatomical 
division of the autonomic nerves into sympathetic and parasym- 
pathetic is pharmacologically meaningless, receives support, at all 
events as far as concerns the characteristics of the post-ganglionic 
fibres. Preganglionic fibres, even of the sympathetic, are cholinergic 
and the work of Henderson and Roepke (1934-35) as well as that of 
others, certainly suggests that the parasympathetic preganglionic 
fibres are of the same type. Dale, Feldberg and Vogt (1936) and 
Brown, Dale and Feldberg (1936) have presented evidence that acetyl- 
choline also serves as the transmitting agent of motor nerve impulses 

to voluntary muscles. 
Site of action. The older conception that the site of action of these 
drugs was on nerve endings, was founded upon the parallelism of their 
effects on smooth muscle or glands cells with electrical stimulation of 
the appropriate nerves, and was well summed up by Dixon and Ransom 
(1912). Pilocarpine, which had been more thoroughly studied than 
muscarine or choline, everywhere produced effects that were very like 
those of nerve stimulation. Doubt has alone been thrown on the iden- 
tity of the effects of nerve stimulation and pilocarpine action in the 
case of the salivary secretion (Babkin, 1931). Atropine abolished the 
effects produced by pilocarpine, muscarine and choline and of nerve 
stimulation, save in the case of the gut and urinary bladder. Attention 
may here be called to the fact that the effects of nerve stimulation are 
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not the same after atropine as before it in the case of the urinary 
bladder, and that subsequent study may reveal the cause of this ap- 
parent, but possibly not real, exception. In regard to physostigmine, 
a certain difference had been noted, namely, that it potentiated nerve 
stimulation within certain limits. As Dixon and Ransom quite cor- 
rectly point out, the experiments of Anderson on the iris sphincter, 
which showed that after degeneration of the postganglionic fibres, 
physostigmine no longer acted, forced a modification of the prevailing 
opinion and led to the view that while the nerve ending degenerated, 
a non-degenerating myoneural junction or receptive substance per- 
sisted on which pilocarpine, muscarine and atropine acted. 

The reason why this hypothetical myoneural junction was invented 
lies partly in the same anatomical conceptions as had led to the nerve 
ending being selected as the site of action, and secondly, by the con- 
ception that a cell having been depressed (or as it was often put, para- 
lysed) by a drug, would be unable to react to other chemical stimuli. 
Anderson had shown that the deafferented iris sphincter contracted on 
asphyxiation, even after atropine in quantities adequate to remove the 
action of pilocarpine had been applied. The anatomical cell could not 
have been “paralysed” by atropine if it reacted to carbon dioxide. 
Regarded chemically, this conception seems gratuitous. 

The work initiated by Loewi on the transferal of the nerve impulses 
to the cell by acetylcholine, at once suggested new fields of thought. 
Where is the acetylcholine produced, at the anatomical nerve ending, 
the muscle sole, the cell? While this question cannot be answered 
with certainty, the evidence presented by Feldberg and Vartiainen 
(1934) and Eccles (1935) seems to show that it is produced by the 
preganglionic nerve endings in the case of the superior cervical sym- 
pathetic ganglion, as antidromic postganglionic stimulation does not 
lead to its liberation, and as it is still produced when the postganglionic 
cell fails to transmit an impulse owing to the presence of nicotine and 
acetylcholine or eserine in excess. We do not know its precursor, but 
that bound acetylcholine must exist, is evident from the fact that from 
an organ with the least destructive technique that has as yet been 
devised, more acetylcholine can be obtained than suffices to produce 
maximum physiological activity (Chang and Gaddum, 1933). 

That the acetylcholine acts on the cell seems proved; and that it 
sets up a series of chemical reactions is probable, first from the 
analogy with skeletal muscle, where a series of chemical reactions occurs 
with or preceding the contraction, and from Feldberg and Guimarais’ 
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(1935) analysis of Secker’s erroneously interpreted observation on 
the salivary gland. These chemical processes must be cellular. Fur- 
ther, as Cattell and Wolff (1935) have shown, acetylcholine stimulates 
the denervated sphincter iridis. Rosenblueth and Cannon (1934) 
have adduced evidence that the denervated smooth muscle cell cannot 
be stimulated electrically, but only chemically, and this has been in 
part confirmed by Bacq and Monier (1935). It is of course still pos- 
sible to suggest that the reaction occurs through the hypothetical 
myoneural junction, but this seems entirely unjustified. We may 
then more simply think of acetylcholine, set free by the nervous im- 
pulses or applied, acting upon the cell, producing certain chemical and 
physical results. Using the old anatomical conceptions, atropine must 
act more peripherally. This phraseology now seems ridiculous. Atro- 
pine must react with the cell. Further, it is evident that the reaction 
of atropine with the cell does not prevent the initiation of the physico- 
chemical disturbances bringing about the liberation of acetylcholine, 
probably from the nerve ending itself. The reaction of the cell with 
atropine has merely prevented either the attachment of acetylcholine 
to the cell or its response to the acetylcholine attachment. That the 
latter is more probably the case may be inferred from the facts adduced 
by Hunt (1915) and Hunt and Renshaw (1934), who showed that the 
action of acetyl-8-methy] choline on the blood pressure and heart was 
only partially removed by a dose of atropine adequate to remove the 
effects of certain other choline derivatives. A subsequent dose of the 
choline produced effects, though less than before the atropine. Both 
the acetyl-8-methyl choline and the atropine were apparently acting 
on the cell. 

Muscarine as a choline derivative may then be thought of as re- 
acting with the cell. Pilocarpine it seems must react with the cell. 
It certainly appears to prevent the effect of nerve stimulation upon the 
cells in concentrations which produce stimulation, as mentioned above. 
The mutual antagonism between pilocarpine and atropine cannot be 
explained by any chemical reaction between these alkaloids and there 
seems every reason to suppose either that atropine displaces pilocarpine 
from the cell and vice versa, or that the effect produced upon the cell 
by its union with pilocarpine is prevented by atropine. There seem 
as many pharmacological reasons for believing that pilocarpine reacts 
with the cell as for muscarine, for example, both decrease the effect 
of nerve stimulation and muscarine, a choline derivative, undoubtedly 
reacts with the cell. 
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Physostigmine, according to the evidence of Anderson, does not 
react with the denervated cell. That the cell, after the loss of nerve 
impulses, is not the same is evident from its increased sensitivity to 
pilocarpine. Whether chemical changes occur in the smooth muscle 
cell after denervation, similar to those that occur in skeletal muscle, 
we do not know; but it may be noted that after motor nerve degenera- 
tion the skeletal muscle cell becomes more sensitive to acetylcholine. 
The work of Langley (1906) and Edmunds and Roth (1908) seems to 
show that the effects of physostigmine on skeletal muscle after nerve 
degeneration can be removed only in part by atropine. It appears 
then that physostigmine in concentrations which may be considered 
physiological reacts with certain skeletal muscle cells. This apparent 
reaction with the cell might possibly be explained as an action on the 
esterase, if in degenerating muscle there were a continuous liberation 
of acetylcholine, such as Henderson and Roepke (1933) found occurred 
on prolonged perfusion of the submaxillary gland. The work of Har- 
nack and Witkowski and of Hedbom certainly suggests that in high 
concentrations physostigmine reacts with the heart muscle cell, but 
that it does so in physiological concentrations is not proven; though as 
it reacts with the enzyme, and this is cellular in part at least, it is 
probable that it does so. Feldberg and Vartiainen (1934) also have 
presented pretty conclusive evidence that eserine reacts with the 
ganglionic cell, both in low concentrations up to 1:10°, when it appears 
to sensitize the cell, and in high concentrations when it causes a depres- 
sion, though acetylcholine is still produced on stimulation. Its im- 
portant pharmacological effects seem to be adequately explained by its 
depression of the esterase, so that any acetylcholine produced by nerve. 
impulse may act for a longer time or in higher concentration without 
destruction. The esterase in question may be in part a cell constit- 
uent, in part free in blood orlymph. The adherents of the myoneural 
junction hypothesis may attempt to gain support from the fact that 
physostigmine causes muscular or glandular activity after section of 
pre- and even postganglionic fibres, when it might be assumed that no 
acetylcholine was being liberated. Yet the precursor of acetylcholine 
is very labile and under the abnormal conditions present might escape; 
and further, many facts have been adduced which point to an action 
of physostigmine on cells. If Engelhart’s (1931) experiments are to 
be trusted, the presence of acetylcholine and probably its precursor 
disappears from the iris and ciliary body after degeneration of the 
postganglionic oculomotor fibres. 
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There is, however, other evidence that conflicts in part with the 
above view that the site of action of acetylcholine, muscarine and 
pilocarpine is on the cell and not on the nerve ending. It has long 
been known that muscarine and pilocarpine act on the auricles of turtles, 
but not on the ventricles. This is also true of acetylcholine, to which 
the auricles respond in what may be considered physiological concen- 
trations, while the ventricles are affected only by ones far above the 
physiological. The auricles are reached by the vagus; the ventricles 
are not. The heart of the chicken embryo in its early stages before an 
anatomical connection has been made with the vagus, fails to react 
with physiological concentrations (Cullis and Lucas, 1936; Markowitz, 
1931; effective concentrations 1:1000 to 1:2000). Muscarine has 
received a more detailed study, both on turtles’ hearts and on the 
embryo. Pickering (1893, 1895, 1896) found that the hearts of chicken 
embryos up to the 140th hour do not react to muscarine, in even stronger 
concentrations than are effective after the 200th hour. But he found 
that there was a gradual increase in sensitivity, solutions containing 
per cubic centimeter 0.5 mgm. being necessary at 185 hours, 0.1 at 
200, 0.075 at 250 hours. These concentrations caused complete inhi- 
bition, which was only partially removed by atropine in similar con- 
centrations. They were therefore probably physiologically unduly 
high. It is difficult to compare the concentrations with those affecting 
adult animals. He found further (1896) that the hearts of rabbit, 
cat and rat embryos were typically affected by muscarine and atropine, 
0.05 mgm. per cc. being effective at the earliest period studied by him, 
apparently about 93 days. Kobert (1886) found that the hearts of 
rabbit and cat embryos just before birth were less sensitive than two 
weeks afterwards. His methods, however, did not allow of accurate 
quantitative comparisons. He also found that the hearts of very 
young polywogs were not affected by muscarine, which as they grew 
older showed increasing sensitivity up to the adult stage. The period 
at which Pickering found muscarine sensitivity for chicken embryos, 
he found also corresponded very well with the period at which cardiac 
stimulation might produce inhibition. Nerve fibres, however, reach 
the heart cells at an earlier period. These facts apparently suggest that 
vagus nerve fibres must at least reach the cell before it becomes sensi- 
tive to acetylcholine or muscarine. Vagus fibre nerves never reach the 
turtle’s ventricle and it is not affected by reasonable concentrations. 
Though the matter perhaps requires further study, the above data also 
suggest that not only must the nerve fibres reach the cell but they must 
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become functional before complete sensitivity to muscarine and presum- 
ably acetylcholine occurs. In other words, the tonic impulses impinging 
upon the heart cell change its metabolism and make it normally 
sensitive. That acetylcholine in concentrations inadequate to affect 
contractility or rate does change cardiac metabolism, appears to be 
shown by the work of Gremels (1936). With the removal of these 
tonic impulses, one might expect the cell to become again non-respon- 
sive. Yet this is opposed to the observations of Cattell and Wolff for 
acetylcholine and of Anderson in regard to pilocarpine. It has already 
been pointed out that presumably degeneration or even the cessation 
of tonic impulses produces a change in the cell. However, even if it be 
accepted that a nerve ending must have reached a cell before it becomes 
sensitive to the action of acetylcholine and muscarine, it does not 
necessarily follow that the drug acts on the histological nerve ending. 
Further, there is the remarkable case (Baur, 1928) of the chicken 
amnion which has no nerve supply and yet reacts to a concentration 
of 1 in 7 millions acetylcholine. 

Mode of action. Our knowledge of the chemistry of the cell and in 
many cases of the drugs we use, is so imperfect that even in the best 
of cases the results obtained by experiment merely justify speculation. 
This is, however, attempted in this case, though with a recognition of 
the pitfalls. 

The physiological compound acetylcholine, owing to its relatively 
simple chemical characteristics and its pharmacological potency, forms 
the best basis for the study of the mode of attachment and of action 
of this group. Further, owing to its great physiological importance, 
it and its chemical relatives have alone been subjected to such search- 
ing experimentation as to adequately justify speculation in regard to 
its mode of action. 

Certain results and deductions are fundamental to our inquiry. 
First, it has been shown by Clark (1926a) that the amount of acetyl- 
choline which unites with the cells of frogs’ heart muscle strips to de- 
crease their contractility by one half, is far from being adequate to 
form a monomolecular layer on the surface of the ceils. The physical 
or chemical affinity of the cell for the drug must be exerted solely by 
certain elements in the cell or its surface. Clark (1926b) has made a 
study of the relationship between the acetylcholine concentration and 
the decrease 1n contraction of the heart and the rectus abdominis in 
frogs. He interprets the results as indicating a monomolecular reac- 
tion between the drug and some substance on the cell. This decrease 
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in contraction may not be the sole effect produced by the drug; indeed 
Gremels’ work suggests that it is not, as in his experiments there was 
a decreased oxygen consumption, even if the work done were the same, 
and it may well be that these two responses of the cell do not vary 
with concentration in a parallel fashion. In Gremels’ experiments 
with adrenalin this was not the case, very small concentrations de- 
creasing oxidation, larger increasing, but only still larger affecting 
cardiac frequency or work done. A study of the maximum decrease 
in contractility by acetylcholine is complicated, as Mezey and Straub 
(1936) have shown, by changes in conductivity. 

The second fundamental point is made evident from the work of 
Hunt. Choline and a great many of its derivatives or analogues 
produce muscarine-like effects. Quantitatively these compounds dif- 
fer greatly. Betaine, in which the sole change is the transformation 
of the terminal methanol group into an acid, is without this effect. 
Yet the esters of this acid group again show the muscarine action 
(Hunt and Renshaw, 1925-26). 

The whole choline group may be looked upon as belonging to the 
group of quaternary onium compounds. Members of this group, as 


Ing and Wright (1932-33) have pointed out, are strong electrolytes, 


their halide salts are very soluble in water but not in lipids and are 
not appreciably surface active. In accordance with this von Oettingen 
and Bowman (1933) have shown specifically for choline and certain 
of its congeners, that they have no influence on surface tension or 
colloid systems. Nor can they at any pH liberate by dissociation, a 
lipid-soluble base or ion. Lipoid solubility or the surface tension type 
of adsorption cannot explain their attachment to the cell. As strong 
electrolytes they can hardly be adsorbed as possibly weak bases are 
(Trevan and Boock, 1927; Phelps, 1935), either in the form of the 
unionized salt or free base. Renshaw (1925, and with Hotchkiss, 1926) 
has pointed out that all substances of this onium group which produce 
physiological effects, are ionizable in body pH ranges. At physiological 
pH values betaine exists largely as the electrically neutral inner salt 
or zwitter-ion and has no muscarine action, whereas betaine esters 
under these conditions exist as cations. 


O O 
(CH,);N—CH,—C7 
| 


Inner salt of betaine Zwitter ion of betaine 
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O 
Cl 
H 


Acetylcholine chloride 


Cl 
—CH 
Methyl ester of betaine hydrochloride 


These facts, with others, suggest that the reaction of pharmacologi- . 
cally active choline-like compounds with the cell is ionic or salt-like 
in character, i.e., consist in the cation replacing equivalent amounts 
of K, Na or Ca ion of the cell constituents. Ing and Wright (1932-33), 
who studied the curare-like action of onium compounds, also suggest 
that this type of reaction explains their attachment to the cell. Roepke 
and Welch (1936), following a suggestion of Ing and Wright, used as 
a model for the cell various zeolites and showed that choline chlc- 
ride, acetylcholine chloride and arsenocholine chloride [(CHs;)3As- 
CH.CHOH JCI show this type of cationic exchange and while choline 
as compared to arsenocholine in equal concentration, showed some dif- 
ferences in ability to displace sodium (85.1 to 81.4) or calcium (48.1 
to 32.3) from Na or Ca zeolite, no significant difference was to be found 
between choline and acetylcholine in this respect. The difference 
found between choline and arsenocholine hardly seems adequate to 
explain the differences found by Welch and Roepke (1935) between 
the pharmacological activity of the compounds, 1000-35, or between 
the activity of their acetylated forms, 1000-11. Yet it is evident that 
the physical forces within the molecule which must be considerably 
different in arsenocholine with the heavy atom As, as compared to the 
light N of choline, do influence somewhat even this type of reaction. 
Of course it is evident that the cationic exchange with a cell will not 
necessarily parallel that of zeolite. 

In a study of. the affinities of choline acetylcholine and arsenocholine 
with the specific esterase, Roepke (1936) again showed that the dif- 
ferences in chemical affinity were not great. He had previously shown 
that they were equally hydrolysed by the enzyme. 

The simplest suggestion then appears to be that the primary attach- 
ment of the choline group of active substances to the cell is a cationic 
exchange, so that the cell is deprived of base Na, K or Ca. Owing to 
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the inherent differences in the cations of various choline analogues 
(As or P) or derivatives, there may be some differences in the amount 
of base removed for any given quantity of choline-like cation. These 
differences appear, however, inadequate to explain their pharmacologi- 
cal potency. 

Consequently, we are forced to consider that after their attachment, 
the complex of cation and cell leads to changes in the whole physico- 
chemical activity of the cell, such as to differ with each complex so 
formed. We have, indeed, in the studies that have already been made, 
proofs that such differences occur. Hunt and Renshaw (1934), for 
instance, report that the action of acetyl-6-methyl choline, which 
produces a long-continued low blood pressure, is much more resistant 
to atropine i.e., requires higher doses of atropine to overcome it, than 
is the case with acetylcholine. The same is true of this drug’s effects 
on the heart. Again, while the attachment to any cell may be a cat- 
ionic exchange and equally readily produced in cells of different 
physiological activities, vasodilator or cardiac or ganglionic, the effects 
produced by the same concentration may be either apparent or not, 
dependent on the characteristics of the cell. For example, in low 
concentrations acetylcholine causes vasodilatation and only in higher 
ones ganglionic cardiac inhibition; and further, the obvious effects of 
different choline derivatives on different cells will not necessarily appear 
equal. Chloracetylcholine has 1000 times less muscarine action than 
acetylcholine, but a similar stimulating effect on ganglia (nicotine ef- 
fect). According to Simonart (1933), while the muscarine effect on 
blood pressure ranges from 125 for acetyl, 25 for propionyl and 1 for 
butyryl cholines, the value of their potency in raising blood pressure 
after atropine, ganglionic action, was the reverse. While Hunt and 
Renshaw (1934) do not entirely agree with these values, they also 
found that their muscarine and nicotine actions were reversed in 
quantitative values. 

Chemically, the most obvious group which might affect pharmacolog- 
ical activity in choline hydrochloride is the terminal hydroxyl in the 
side chain, but this has undergone modification in many of the com- 
pounds studied. Acetylation of the hydroxyl leads to a great increase 
in muscarine-like effects. As pointed out above in the betaine esters, 
the hydroxyl does not exist. If an oxyphenyl group be substituted for 
the hydroxyl, the muscarine activity disappears (Hunt and Renshaw, 
1929), but this substance has a marked effect on ganglia. Further, 
any shortening of the side chain, as in formocholine formula, or length- 
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ening to a propyl group again increases the toxicity of these compounds 
for mice and changes their pharmacological muscarine potency, though 
not in the same proportion. | 

It is unnecessary to quote the many other examples that could be 
culled from the literature, but it appears obvious that the side chains 
are not concerned in the attachment to the cell, but in the changes 
produced by the complex so formed, on the physiological state of the 
cell. 

This conclusion for the cholines will naturally include muscarine, 
natural or synthetic, as they are choline derivatives, but cannot be 
applied to atropine and pilocarpine with entirely different chemical 
structures and physico-chemical properties. Indeed, the evidence 
produced by Clark in regard to the antagonism between acetylcholine 
and atropine, strongly suggests that these drugs reacted with different 
cell receptors (Clark 1926b). Yet the work of Roepke (1936) on the 
acetylcholine esterase shows that certain considerations, namely, that 
the atropine is a competitive inhibitor of the enzyme with an affinity 
for it 17 times that of acetylcholine, suggests a chemical antagonism 
instead of one of effect as suggested by Clark. Tropine, on the other 
hand, with negligible pharmacological effect, has an affinity for the 
enzyme equal to laevo-hyoscyamine, which would lead to the opposite 
conclusion, namely, that the cell atropine complex was formed by reac- 
tion with different receptors than those involved in the reaction with 
acetylcholine, and that consequently the effects produced on the cell 
by union with acetylcholine and atropine were different. But here 
again cholinesterase cannot be considered as anything but a rough 
model of the cell itself, though it is probably derived from it and un- 
doubtedly in other cases a part of the cell. 

The fact that in the ganglion cell atropine does not affect the action 
of acetylcholine, may again be cited as evidence that acetylcholine 
and atropine act on different receptor substances, that for atropine being 
either absent in this case or unable to interfere with the chain of re- 
actions in spite of its attachment to the cell. The same might explain 
the effect on the contractile mechanism of the bladder and on the 
skeletal muscle cell. 

The following further speculation may be allowed. Feldberg and 
Vartiainen (1934) have shown that acetylcholine is produced by the 
preganglionic nerve ending. If the acetylcholine may be produced 
by cationic exchange, potassium excess might well set it free, or if the 
propagation of the impulse is accompanied by a liberation of potassium, 
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as Cowan (1934) seems to have shown, the same process might well 
liberate acetylcholine from the endings. Gaddum and Dale (1936) 
indeed, refer to unpublished evidence that acetylcholine is so liberated 
from nerves. Some of the acetylcholine so liberated doubtless reacts 
with the cell and again might displace potassium, as one of its effects. 
Indeed, Vogt’s experiments (1936) go to show that the stimulated 
ganglion loses potassium. Further, potassium excess might liberate 
acetylcholine from the nerve ending, as shown by Brown and Feldberg 
(1936). 
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PHYSICAL FACTORS INVOLVED IN THE ACTIVITIES OF 
THE MAMMALIAN KIDNEY 


F. R. WINTON 
Physiological Laboratory, Cambridge, England 


The analysis of the physical factors affecting urine formation has 
received an immense impetus from observations on the isolated kidney, 
perfused at constant blood flow (Richards and Plant, 1922a) or at con- 
stant arterial pressure as in the heart-lung-kidney preparation (Verney 
and Starling, 1922). It is the purpose of the present review to give an 
account of those physical properties of the kidney which appear to be 
important in determining urine formation in the isolated kidney, and 
to attempt to assess the evidence available to indicate their probable 
significance in the intact animal in health and disease. It is a further 
purpose to outline the general theory relating the chief physical proper- 
ties of the kidney, to point out certain major gaps in our knowledge, 
and to indicate the points in the evidence which have necessitated re- 
cent changes in the theory. No comprehensive account of all physical 
properties of the kidney has been contemplated; for example, no sys- 
tematic account will be given of the effects of temperature changes 
(Conway, 1925; Bickford and Winton, 1933, 1937), of heat production 
(Jannsen and Rein, 1928), or of action potentials (Dungern, 1935). 
The properties which will chiefly be discussed may be summarized by 
the headings glomerular pressure, intrarenal pressure, leakage from the 
tubules, and the factors dtermining the blood flow. Since the mam- 
malian kidney has defied attempts to apply the methods of direct micro- 
scopic observation (Ebbecke and Leach, 1933) which Richards and his 
school have developed with such fruitful consequences in the frog 
(Richards, 1929, 1935; Ekehorn, 1931), the physical analysis of the 
mammalian kidney depends on the relatively indirect and complicated 
business of discovering the relations between those flows—urine and 
blood—, and those pressures—arterial, venous, ureter, and extrarenal—, 
which are accessible to accurate measurement. An additional flow 
which must be determined if anything like a comprehensive analysis is 
to be possible is the rate of glomerular filtration. Successive approxima- 
tions to a method for measuring it have appeared, for example, sulphate 
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clearance (Mayrs and Watt, 1922), creatinine clearance (Rehberg, 
1926), xylose clearance (Jolliffe, Shannon and Smith, 1932) and inulin 
clearance (Shannon, 1935a, b). Though the last method appears well 
authenticated in the conscious animal, it is probably inapplicable to the 
isolated kidney of the dog (Shannon and Winton, 1937) because at low 
urine flows the inulin clearance is substantially greater than the cre- 
atinine clearance. The volume of the kidney is a variable which one 
would like to be able to include in the analysis; it enjoyed great popu- 
larity among early renologists who were concerned to record qualita- 
tive changes; the volume of the kidney increases independently with 
both diuresis and increase in blood flow, the former being probably 
the more important quantitatively; it also increases with increase in 
ureter pressure or venous pressure and with decrease in extrarenal pres- 
sure. These relations have not yet been worked out quantitatively, 
and the discussion of renal volume and its changes is, therefore, outside 
our present purpose. A perusal of general accounts of renal physiology, 
such as Ellinger (1929), Berglund and Medes (1935), and Newton 
(1936), will make it clear that the present survey is concerned only 
with one aspect of the subject. The enquiry into this aspect, that of 
the physical properties, is only just beginning, and has consequently 
been mainly concerned with the simplest preparation of the kidney, the 
heart-lung-kidney introduced by Bainbridge and Evans (1914), and 
its even simpler modification, the pump-lung-kidney first used by 
Jacob] (1928), but first used successfully and in its: modern and less 
elaborate form by Hemingway (1931). The description “‘isolated kid- 
ney”’ in what follows refers to one of these preparations, in both of which 
the arterial pressure can be kept accurately constant. Observations 
at constant blood flow are more difficult to interpret than those at con- 
stant arterial pressure and are much less numerous; when an experi- 
ment conducted at constant blood flow is under discussion, e.g., Rich- 
ards and Plant (1922a, b), the fact will be specified. 

Ureter pressure. Ludwig (1861) described the reduction of urine 
flow produced by an increase in ureter pressure, and attributed it to a 
reduction of the filtration pressure across the glomerular membrane 
produced by a damming back of the fluid in the tubules. Heidenhain 
(1883) agreed with his description, but questioned his interpretation on 
the grounds that the hypothesis of reabsorption in the tubules implied 
that only a small fraction of the glomerular filtrate reached the ureter, 
the pressure in which might be independent of that in the glomerulus. 
Cushny (1902) similarly rejected Ludwig’s hypothesis: as incredible, 
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arguing that “‘if the resistance to the escape into the ureter be increased, 
the natural result is that more of the fluid is deflected from this route.” 
Henderson (1905) working in Starling’s laboratory supported Ludwig’s 
view, and showed that under the conditions in which the minimum dif- 
ference between arterial and ureter pressures were obtained, this differ- 
ence amounted to little more than the value of the colloid osmotic pres- 
sure shown by Starling (1899) to result from the presence of the plasma 
proteins. Brodie and Cullis (1906) argued that the objections to Lud- 
wig’s hypothesis were unsound in principle, because whereas glomerular 
filtration was controlled by small hydrostatic pressures, reabsorption 
in the tubules was in any case conducted against large osmotic gradients. 
The disproportion between the small ureter pressures concerned and 
these osmotic gradients was illustrated by an experiment in which a 
rise in ureter pressure of only 15 mm. Hg reduced the urine flow, and 
increased its total osmotic pressure from 4710 to 7430 mm., an increase 
of 2720 mm. Hg. They also showed, however, that in decerebrate 
dogs, a small rise in ureter pressure may increase urine flow, though a 
large rise always reduces it, and inferred an hypothesis of glomerularand 
tubular secretion; but Cushny and others showed later that this in- 
crease in urine flow with a small rise in ureter pressure does not occur in 
anesthetized animals, and can be explained by some reflex response to 
the pressure stimulus in the ureter. Later Cushny (1917) appears to 
have come round to Ludwig’s hypothesis concerning the action of ure- 
ter pressure. 

The simplest way of discovering whether the reduction in urine flow 
due to a rise in ureter pressure is due entirely to a change in glomerular 
activity, or in part also to a change in the reabsorptive activities in 
the tubules, is to compare the composition of the urine so formed with 
that of urine from an exactly similar kidney with the urine flow de- 
creased by exactly the same amount but in this case by lowering the 
arterial pressure. In principle, the same method and argument was 
used by Marshall and Kolls (1919) who neutralized the diuresis in an 
anesthetized dog, due to section of the splanchnic nerve, by partial 
obstruction to flow in the renal artery of the same kidney; the compo- 
sition of the urine was now the same as that from the control kidney 
unaffected by either of the two procedures. Verney and Winton 
(1930) applied a similar method to the heart-lung-kidney, and extended 
its principle in the double-heart-lung double-kidney preparation, where 
the diuresis in one kidney due to caffeine was matched with a diuresis 
in the other kidney induced by increase in arterial pressure; it was 
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found that at equal urine flows, the composition of the urines was the 
same, the degree of parallelism of two such kidneys, not treated differ- 
ently, having been shown to be adequate for the purpose (Canny 
Verney and Winton, 1930). The latter principle was applied to the 
heart-lung-double-kidney preparation to see whether the rise in ureter 
pressure acted on the composition of the urine exactly like a fall in ar- 
terial pressure or not (Winton, 193la). The concentrations of chlo- 
ride and urea were found to be indistinguishable when the rates of urine 
flow were matched, and consequently Ludwig’s hypothesis that a rise 
in ureter pressure affects the glomerular filtration rate but not the rate 
of tubular reabsorption was proved. In view, however, of the impor- 
tant theoretical developments which have since come to rest, in part, 
on this conclusion, the experiments should be confirmed and extended 
to other constituents of the urine; for it is possible that the permeabil- 
ity of some part of the tubule maychange when thewall of the tubule is 
stretched by ureteral obstruction (Brodie and Mackenzie 1914); but 
the evidence so far available is against it. 

Venous pressure. Ludwig’s (1861) explanation of how an increase in 
venous pressure reduces the urine flow, is best described perhaps in 
Heidenhain’s (1883) excellent exposition of his work; Heidenhain con- 
firms Ludwig’s view that an increase of pressure in the veins so distends 
the venules that the tubules lying among them are narrowed or obliter- 
ated, a view based on histological observation after ligature of the vein, 
and on “hydraulic” experiments with dog’s kidneys. The main effect 
of a rise of venous pressure, then, is to transmit the pressure to the 
tubules, and so to act as a back-pressure reducing the rate of glomerular 
filtration, just as does a rise in ureter pressure. A second effect of ob- 
struction to the outflow of blood, recognized by Ludwig, is to raise the 
blood pressure throughout the vascular system of the kidney, and hence 
in particular in the glomerular capillaries. This associated rise in 
glomerular pressure is, however, only a fraction of the applied venous 
pressure, the whole of which may be transmitted to the liquid in the 
tubules; it, therefore, only in part neutralizes the primary obstructive 
effect on the urine flow of the rise of pressure in the veins. 

It is well known that Heidenhain (1883) chose the anuric effect of 
venous obstruction as crucial evidence dissociating the effects of glo- 
merular capillary pressure and blood flow, showing that the latter and 
not the former was the effective determinant of the urine flow. He 
argued that this indicated a secretory activity of the glomerular mem- 
brane, dependent upon adequate nutrition and hence upon the blood 
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flow rather than the blood pressure. Richards and Plant (1922a), 
Dreyer and Verney (1923), and others, have now shown beyond doubt 
that Heidenhain was wrong in this interpretation of the facts, and that 
it is really the glomerular pressure and not the blood flow which con- 
trols the urine flow. Perhaps the most clear-cut decision between 
these views of Ludwig and Heidenhain about the effects of venous pres- 
sure is given by the consequences of raising the venous pressure to a 
given value in a kidney already secreting against a ureter pressure of 
the same value. The reduction in blood-flow due to the venous ob- 
struction is about the same in such a kidney and in a kidney with un- 
obstructed ureter; hence, according to Heidenhain’s view, the urine 
flow should fall when the venous pressure is raised; but according to 
Ludwig’s view the urine flow should rise, for the obstructive effect of 
venous pressure on the urine flow should vanish in a kidney with pre- 
existing obstruction applied through the ureter; only the secondary 
action, that of raising the glomerular pressure, should have manifest 
consequences. Experiment unequivocally favours Ludwig’s view (Win- 
ton, 1931b). The complementary experiment on the influence of ureter 
pressure on a kidney with the venous pressure already raised, shows that 
the urine flow is quite unaffected by changes of ureter pressure unless 
this pressure exceeds the venous pressure. This also accords with 
Ludwig’s view. 

Heidenhain’s view that the reduction of urine flow with rise of venous 
pressure is primarily due to a reduction in blood flow rather than to 
pressure changes is, however, still held, for example, by Richards and 
Plant (1922a), Cushny (1926), and Richards (1935) who emphasize 
the ‘‘stagnation”’ of blood produced by a rise of venous pressure; the 
emphasis is now laid not so much on the nutritional aspects of an ade- 
quate blood flow, though this aspect of the maintenance of the normal 
permeability of the glomerular membrane is not ignored, but on the 
rise of colloid osmotic pressure and of the viscosity of the blood leaving 
the glomeruli. It is clear that these factors set a limit to the rate of 
glomerular filtration which could occur in a kidney, as discussed in the 
section on blood-flow below; it is not clear, however, that the secreting 
kidney is operating so close to the limits set by these factors that the 
relatively small reduction in blood flow associated with an effective rise 
in venous pressure is likely to push the conditions beyond this limit. 
Quantitative observations are available on the isolated kidney of the 
dog showing that these factors are not relevant to the anuric action of 
venous pressure. The experiment quoted above is one; it shows that a 
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rise in venous pressure together with the associated “stagnation” of 
blood (about 20 per cent reduction in blood flow) can fail to reduce the 
urine flow in the presence of a preéxisting ureter pressure. Another 
observation with the same implication is that a suitable concentration 
of adrenaline may produce up to 20 per cent reduction in blood flow 
with increase in urine flow (Winton, 1931d), whereas venous pressures 
producing reductions in blood flow even considerably less than this 
will reduce the urine flow. Moreover, a five-fold diuresis due to cool - 
ing is accompanied by a halving of the blood flow. It is possible that a 
comparable analysis of the action of venous pressure in the intact ani-. 
mal, in which creatinine and inulin clearances are higher than in the iso- 
lated kidney, will give different results, but the evidence now available 
does not justify the view that the change of blood flow is the primary 
factor reducing the urine flow when the venous pressure is raised. 
Another possibility that arises, however, is that an increase in venous 
pressure affects the activity or permeability of the tubules. This can 
be tested by the principle detailed in connection with the action of ureter 
pressure, namely, by matching the actions of venous pressure and of a fall 
in arterial pressure on the urine flow, and comparing the compositions 
of the urines so formed. In the heart-lung-double-kidney preparation 
both the chloride and urea concentrations in such urines were found 
to be indistinguishable (Winton, 1931b), and until further evidence 
is available it may be taken that venous pressure produces no detect- 
able change in the action of the tubules. Venous pressure differs from 
ureter pressure in that it produces a fall in blood-flow about propor- 
tional to the change in pressure-head. Ureter pressures up to the 20 
or 30 mm. needed to stop urine flow in the unstimulated kidney, pro- 
duce no detectable change in blood-flow; the high ureter pressures ob- 
servable during diuresis may, however, produce a small fall in blood- 
flow. 
Glomerular pressure. The relations between ureter pressure, venous 
pressure and urine flow may thus be summarized by saying that the 
rise in venous pressure which induces a given fall in urine flow always 
exceeds the rise in ureter pressure which would produce the same fall; 
this difference is due to the partial obstruction to the outflow of blood 
which is produced by the venous pressure but not by the ureter pres- 
sure; the obstruction and the resulting damming back of blood produces 
a rise in glomerular capillary pressure. If the venous pressure (V) 
and the ureter pressure (U) are so chosen that, taken one at a time, they 
produce equal reductions in the urine flow, we may, therefore, approxi- 
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mately equate the increment in the glomerular pressure (AG) associated 
with the rise in venous pressure to the difference (V — U). If it be, 
for the moment, supposed that a rise in venous pressure results in an 
increment in pressure in each part of the vascular system of the kid- 
ney, diminishing proportionately from vein to artery, where the ar- 
terial pressure (A) is kept unchanged, as it might in a network of rigid 
tubes traversed by a homogeneous liquid, then the increment in glo- 
merular pressure (AG), due to the rise in venous pressure (V) must be 


A—G 


vor V. Hence equating the two expressions for AG we have: 


or 


glomerular pressure ___ ureter pressure 


arterial pressure venous pressure 


when the ureter and venous pressures are so chosen that, taken one at 
a time, they will produce the same reduction in the urine flow (Winton, 
1931c). 

There are at least two explicit assumptions in the derivation of this 
equation: 1, that the whole venous pressure is transmitted as an effec- 
tive back-pressure to the liquid in the tubules; this is rendered likely 
by the observation that the ratio of ureter to its equivalent venous 
pressure is independent of the degree of reduction of urine flow pro- 
duced by them; 2, that blood in the vessels of the kidney behaves like a 
homogeneous liquid in rigid tubes; this cannot be entirely true, and the 
question arises whether the deviation from the truth is quantitatively 
large enough to invalidate the assumption. The evidence bearing on 
this is as follows: a, large blood vessels are undoubtedly distensible, 
but as the fraction of the whole arterio-venous pressure fall which takes 
place in the large vessels is so small, a change in this fraction has 
negligible effects on the pressure distribution compared with changes 
in smaller vessels; b, distensibility of the small vessels which are mainly 
responsible for the distribution of pressure in the vascular tree has 
been inferred from pressure-flow curves in perfused organs, in which 
resistance to flow decreasing with rise of pressure is found. Experi- 
ments of this kind, e.g., Fleisch (1919, 1920) are usually performed 
with Ringer perfusion resulting in edema of the organ, and consequent 
pressure on the venous outflow; in an abnormal system of this kind the 
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resistance to flow would decrease with rise of pressure even if the ves- 
sels were not distensible. Whittaker and Winton (1933), adapting 
Starling’s (1896) suggestion for avoiding edema of the hind-limb of the 
dog by allowing Ringer perfusion to interrupt blood perfusion for only a 
few minutes at a time, found the pressure-flow curve of Ringer’s solu- 
tion linear, and passing through or near the origin. The vessels that 
are significant in determining the major resistance to flow are, there- 
fore, not detectably distensible within physiological ranges of arterial 
pressure. Blood-pressure-flow curves, on the contrary, show the well- 
known reduced resistance at increased pressure, but this as Hess (1907, 
1912) and Bayliss (1933) have shown, is also true of blood flowing in 
rigid glass tubes, and is concerned with the anomalous viscosity of 
blood, and the effects of velocity of flow on it. Whittaker and Winton 
(1933) measured the magnitude of this effect on the hind-limb, and 
found it only became of quantitative significance at very low arterial 
pressures or abnormally high corpuscular concentrations. It is to be 
regretted that observations, comparable to those on the hind-limb, 
have not been made on the kidney; it appears, however, that the tech- 
nical difficulties in inducing a kidney to undergo accurately reversible 
changes when its perfusion medium undergoes such drastic changes as 
from defibrinated blood to serum, are very much more formidable than 
with the hind-limb. Innumerable papers have been published on obser- 
vations on the Ringer-perfused mammalian kidney, e.g., Sollmann (1903, 
1905), Hiihne (1916), Fleisch (1919), and v. Uexkiill (1935), many of 
these claim to have demonstrated some property of the kidney which 
throws light on the resistance to blood flow in the vascular system of 
the kidney; scrutiny of the figures shows that the Ringer flows vary 
from a few per cent up to at most 50 per cent of the blood flow that 
would have been expected in similar kidneys; this is to be contrasted 
with the flow, larger than that of blood, which the lower viscosity of 
Ringer’s solution would have led one to expect. The low value of the 
Ringer flow is apparently not due to vaso-constriction but to the phe- 
nomenal value to which the intrarenal pressure rises directly Ringer’s 
solution is substituted for blood, the kidney immediately swelling up and 
becoming extremely tense (Whittaker and Winton, 1933). The pres- 
sure-flow relations in the Ringer-perfused kidney are, therefore, con- 
cerned mainly with the factors determining the intrarenal pressure 
when this is well outside its physiological range, and have no relevance 
to those changes in size of the vessels which Fleisch (1919) has inferred. 

In the absence of direct evidence on the kidney, it is perhaps permis- 
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sible to assume as an approximation that those vascular elements which 
are chiefly responsible for the pressure distribution in the kidney be- 
have substantially like rigid tubes as in the hind limb, when they are 
submitted to small changes of pressure within them, and that the anom- 
alous viscosity of blood introduces no significant error. The observa- 
tion that the ratio of the ureter pressure to the venous pressure, which 
reduces the urine flow equally, does not increase with the degree to which 
the urine flow is reduced is further evidence in favour of the assumption 
that the increment in the glomerular pressure is proportional to the 
venous pressure which produces it. The law relating glomerular pres- 
sure and the three measurable pressures named above is, therefore, 
based on assumptions which are reasonably well founded, though far 
from being proved. Its application to the measurement of glomerular 
pressure can yield only approximate values, and even these values may 
be wrong if some hitherto unsuspected property of the kidney should be 
intervening to make them so. For example, intrarenal pressure was 
at first supposed not to obstruct the outflow of blood (Winton, 1933), 
but has now been shown, when high enough, to produce some such ob- 
struction (Herman and Winton, 1936). In kidneys with an intra- 
renal pressure which obstructs the outflow of blood an error would be 
introduced into the measurement of glomerular pressure, and this, 
unless allowed for, would invalidate inferences about the effects of 
diuretics like urea and sulphate on the glomerular pressure, because they 
produce increases in the intrarenal pressure. Nevertheless, until an 
alternative method of estimating the glomerular capillary pressure in 
the mammalian kidney becomes available, the method of estimation 
based on the ureter, venous pressure ratio mentioned above may per- 
haps be adopted provisionally, with a view to discovering whether its 
consequences are compatible or incompatible with other known proper- 
ties of the organ. In the heart-lung-kidney, the glomerular pressure so 
calculated is usually about two-thirds of the pressure in the renal ar- 
tery, and this value accords well with those guesses (e.g., Brodie, 1914) 
which have been made on the basis of histological observation. Hay- 
man (1927) found the glomerular pressure in the frog to average about 
54 per cent that in the aorta. 

The great theoretical importance of a knowledge of the glomerular 
capillary pressure has induced attempts to evaluate it by measuring the 
minimum arterial pressure consistent with urine flow. The minimum 
arterial pressure was found to be 40 to 50 mm. Hg by Ustimowitsch 
(1870), 30 mm. by Grutzner (1875), and 40 mm. by Starling and Verney 
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(1925); Tammann (1896) allowed about 20 per cent for the fall of pres- 
sure between the renal artery and the glomerular tuft. In the ab- 
sence of diuretics, the minimum arterial pressure is, however, com- 
monly about 75 mm. Hg (Jannsen and Rein, 1928; Winton, 1934 b), and 
unless all substances increasing urine flow, including urea, sulphate, 
and cyanide, are to be supposed to produce very large increases in 
glomerular pressure, it is clear that the minimum arterial pressure 
bears no simple relation to the glomerular capillary pressure. The 
maximum ureter pressure has been regarded as an indication of the 
pressure in the intra-capsular space since the time of Ludwig (1861); 
later, when the pressure-fall across the glomerular membrane had 
been recognized as equal to the colloid osmotic pressure of the plasma 
proteins, there being no transference of liquid across the membrane, 
the maximum ureter pressure appeared to provide another method 
for evaluating the glomerular capillary pressure. Maximum ureter 
pressures of many values are on record, for example Loebell (1849) 
7 to 10 mm. Hg; Hermann (1859) 40 to 60 mm; Heidenhain (1883) 
64 mm.; Gottlieb and Magnus (1901) and Henderson (1905) 66 mm.; 
Ozorio de Almeida (1927) 120 mm. Hg. In the heart-lung-kidney 
with no diuretic agent in the blood the maximum ureter pressure is 
commonly about 30 mm. Hg at an arterial pressure of 120 mm.; this 
maximum ureter pressure can be raised to about 70 mm., without 
changing the arterial pressure, by cyanide (Starling and Verney, 1925), 
urea (Winton, 1934 b), cold, or almost any other agent which is capable 
of producing a large increase in urine flow. If we are to suppose that 
the maximum ureter pressure is a measure of the intra-capsular pres- 
sure, it is evident that the glomerular pressure is exceedingly variable 
and greatly increased by all the diuretic agents named; but this is con- 
trary to other evidence that these agents act mainly on the tubules, 
and no confidence can, therefore, be placed on such a method of evaluat- 
ing the glomerular pressure. 

Variations in glomerular pressure independent of that in the renal 
artery. That differential constriction of the vasa afferentia and vasa 
efferentia might produce changes in glomerular pressure even if the 
arterial pressure remained unchanged was foreseen by many of the 
early workers on the kidney from the time of Ludwig (1861) onwards. 
It was clearly enunciated by Starling (1912) in the following terms: ‘‘A 
dilatation of the afferent vessels and a slight constriction of the efferent 
vessels would cause a considerable rise in pressure in the glomerular 
capillaries, and a consequent increased transudation, without neces- 
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sarily altering to any marked extent the total circulation of blood 
through the whole organ. The changes in the afferent and efferent ves- 
sels are, however, beyond our control or powers of observation, so 
that it is impossible to devise at the present time any crucial experiment 
which might decide the nature of the process occurring in the glomeruli.” 
Richards (1935) claims that “the first experimental evidence... in 
support of the thought... . that intra-glomerular pressure is suscep- 
tible of regulation by changes in the relationship of the calibre of the 
afferent and efferent vessels” is provided by the observations of Rich- 
ards and Plant (1922 a) on the perfused rabbit’s kidney. Perfused 
with hirudinized blood by a pump arranged to deliver a constant output 
against varying resistances in the kidney, vaso-constriction induced by 
adrenaline and in other ways produced a large (often 3- to 4-fold) in- 
crease of pressure in the renal artery, and some increase in urine flow. 
This showed that either the vaso-constrictor agents were inhibiting re- 
absorption of water in the tubules, or more probably that the vasa 
efferentia were taking part in the general vaso-constriction and con- 
sequently that the glomerular capillary pressure was rising, if not by as 
much as the rise in pressure in the artery, at least by some fraction of it. 
The experiment repeated (Richards and Plant, 1922 b) with the kidney 
in an oncometer showed that adrenaline in suitable concentration might 
produce an increase in volume in the kidney associated with the same 
order of rise in arterial pressure. These kidneys were secreting no urine, 
and Richards holds that the increase in volume cannot, therefore, have 
been due to the secretion of urine and that it must, therefore, have been 
due to vaso-dilatation. Since adrenaline produced areductionin volume 
of similarly perfused forelimbs, the increase in volume in the kidney is, 
it is suggested, due to the peculiar arrangement of the blood vessels 
associated with the glomeruli,and hence presumably to dilatation of the 
vasa afferentia. Two alternative interpretations of these experiments, 
however, suggest themselves. First, the threefold increase in arterial 
pressure may have distended some of the larger arteries with relatively 
large capacity but little influence on pressure distribution, so producing 
the apparently quite small increase in volume of the kidney (the volume 
records are not calibrated) ; if so, the fact that this effect did not appear 
in the limb experiment was due to the much smaller rise in pressure (50 
per cent) or to different compliances of the arteries of the kidney and 
limb. The second and perhaps more likely explanation would be based 
on the impression that the changes in volume of the kidney are more 
often concerned with diuresis than with vascular changes; Richards and 
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Plant (1922 b) say that their kidneys failed to form urine because the 
circulation through them had been interrupted during transference of 
the organ from the animal to the perfusion circuit; but it is well known 
(Marshall and Crane, 1923, et al.) that recovery of the urine flow fol- 
lows interruption of the circulation for periods at least up to 15 minutes, 
and it seems incredible that the transference should have taken longer 
than this. The records suggest the possibility that urine flow was ab- 
sent on account of the low perfusion pressure (about 40 mm.), that 
glomerular filtration began during the short-lived rise in pressure due 
to vaso-constriction, producing increase in volume in the kidney, and 
that reabsorption of most of the filtrate in the tubules when the pres- 
sure had fallen resulted in the subsequent decrease in volume. Even if 
the kidneys were in such a condition that they were unable to secrete 
urine at normal arterial pressures, as the authors imply, changes in the 
rate of glomerular filtration may have played a part, for reasons given 
in the section below on “Leakage from the tubules.” 

These experiments on kidneys perfused at constant blood flow would 
seem, therefore, to show that the vasa efferentia are capable of con- 
striction and dilatation; it is not so clear that they show that there is a 
differential action of the agents used on the vasa afferentia and the vasa 
efferentia. Perfusion of dog’s kidneys at constant arterial pressure 
provides, however, an exceptionally convenient preparation for studying 
vaso-constrictors such as adrenaline, for in the heart-lung-kidney low 
concentrations of adrenaline induce substantial diuresis together with 
a small reduction in blood flow without the complication of a rise in 
arterial pressure. The increase in urine flow, often between two and 
tenfold, lasts apparently as long as the adrenaline concentration in the 
blood is maintained. Higher concentrations of adrenaline produce 
a reduction in urine flow together with a more profound reduction in 
blood flow. Applying the ureter pressure, venous pressure ratio dis- 
cussed above, the changes in glomerular pressure accompanying adre- 
naline diuresis were found to involve rises, from the normal of 60 per 
cent of the arterial pressure, to values ranging up to a maximum of 90 
per cent; the reductions in urine flow due to higher concentrations of 
adrenaline were accompanied by a glomerular pressure ranging down to 
30 per cent of the arterial pressure (Winton, 1931d). 

If it be supposed that the action of adrenaline is entirely confined to 
the blood vessels and not concerned with tubular activity, it should be 
possible to follow the changes in glomerular pressure it induces in a 
simpler way, namely, by following the changes in ureter pressure needed 
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to keep the urine flow constant. This method, and the more elaborate 
procedure involving ureter and venous pressure ratios, when simul- 
taneously applied, yield results which are in very fair agreement as to 
the magnitude of the rise and fall of glomerular pressure at constant 
arterial pressure, which accompanies the diuretic or anti-diuretic effects 
of suitable doses of adrenaline. Comparable experiments with diuret- 
ics acting mainly on the tubules, such as urea, show a wide divergence 
between the glomerular pressure estimated from the ureter, venous 
pressure ratio which remains practically unchanged, and the ureter 
pressure needed to keep the urine flow constant, which undergoes a 
large increase. 

The simultaneous dilatation of the vasa afferentia and constriction 
of the vasa efferentia, predicted by Starling, can be shown to accompany 
the rise in glomerular pressure due to a diuretic dose of adrenaline. 
This rise implies a diminution of the pressure-fall from the renal artery 
(where the pressure is constant) to the glomerulus; the diminution 
amounted, in a typical experiment, to 60 per cent. At the same time 
the measured reduction in blood flow was only 18 per cent. Hence 
there was dilatation in the vessels preceding the glomeruli, presumably 
mainly in the vasa afferentia. The reduction in the blood flow accom- 
panying a rise in glomerular pressure, however, indicates simultaneous 
constriction of the vasa efferentia (Winton, 1931 d). 

The attempt to show that this variation in glomerular pressure inde- 
pendently of the arterial pressure is of real physiological significance 
and not peculiar to perfused kidneys, has inspired a number of attempts 
to demonstrate diuretic effects of small doses of adrenaline and other 
vaso-constrictors in anesthetized animals‘(Richards and Plant, 1922 c; 
Mendenhall, Taylor and Richards, 1924; Livingstone,. 1928). From 
these papers it appears that in a few experiments the effect is obtained 
but in most it is not. I was able to confirm this rather unsatisfactory 
conclusion in a series of unpublished experiments on the action of ad- 
renaline on anesthetized dogs. 

Extrarenal pressure. A number of observers have investigated the 
effect of raising intra-abdominal pressure on the urine flow. Thoring- 
ton and Schmidt (1923) found that 15 to 30 mm. Hg produced a pro- 
gressive reduction in flow under luminal anesthesia. Griffith and Han- 
sel (1925) claim that a pressure of 10 to 20 cm. of water round the human 
abdomen may induce up to 150 per cent rise in urine flow. Theobald 
and Verney (1935 b) by intraperitoneal injection of liquid paraffin in 
conscious dogs showed that 10 to 18 mm. Hg intra-abdominal pressure 
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had no effect on the course of water diuresis ; rather greater values of the 
pressure inhibited water diuresis, but it was suggested that this might be 
due to psychological or afferent nerve stimuli rather than to mechanical 
factors (Theobald and Verney, 1935 a). These authors also showed 
that a small increase in venous pressure (less than 6 mm. Hg) produced 
by partial obstruction of the inferior vena cava had no influence on the 
course of water diuresis, whereas an increase in ureter pressure of only 
5 mm. diminished the urine flow if this was small, though even 60 mm. 
Hg ureter pressure was not enough to abolish urine flow at the height 
of water diuresis. It is not easy at the moment to bring these observa- 
tions into direct relation with those on the isolated kidney, in order to 
assess what part of the effects of intra-abdominal pressure may be at- 
tributed to mechanical action, and what part to compensatory responses. 
Water diuresis cannot be produced in the isolated kidney or even in 
the deeply anesthetized animal. In the absence of diuresis, and dur- 
ing urea diuresis, the isolated kidney submitted to increased extrarenal 
pressure exhibits always a reduction in urine flow and in blood flow, 
comparable with that produced by increase in venous pressure—the 
greater the applied pressure, the greater the reduction in flow. Extra- 
renal pressure differs, however, from venous pressure, in that even a 
small rise in the former produces a definite reduction in the urine flow 
(Herman and Winton, unpublished). One might have expected that 
this response would occur in the kidney in situ if similar stimuli—venous 
pressure or intra-abdominal pressure—were applied. Theobald and Ver- 
ney’s demonstration that this is not so, indicates, therefore, the existence 
of a mechanism which can compensate for the obstruction, and since this 
comes into action immediately, one would suspect a reflex rise in glomer- 
ular pressure. Such aspeculation is, however, not supported by the find- 
ing of Klisiecki, Pickford, Rothschild and Verney (1931), Rhoads, van 
Slyke, Hiller, and Alving (1934), or Theobald and Verney (1935 a) that 
denervation of a kidney in a conscious dog has no detectable influence on 
the urine flow during water diuresis, or on its inhibition by muscular 
exercise, emotion or painful stimulation. The effects of intra-abdom- 
inal pressure in conscious animals whose kidneys have been denervated 
have not yet been studied. 

Intrarenal pressure. The idea of intrarenal pressure as an impor- 
tant property of a kidney appears to have developed more or less inde- 
pendently in the three sets of circumstances in which its manifestations 
are at their most striking. First, surgeons noticed the tenseness of 
kidneys swollen with disease, and inferring that this pressure obstructed 
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the outflow of urine attempted to relieve the condition by decapsulation. 
In many cases the attempt appears to have succeeded in establishing an 
increased urine flow; for example, Harrison (1896) decapsulated cases 
of acute glomerular nephritis, and many others, such as Eppinger (1921), 
have studied intrarenal pressure under similar conditions. Fuchs (1931) 
describes the increased tension in the capsule in acute nephritis, and a 
bulging of the parenchyma which occurs if a hole is made in the cap- 
sule; the cortex is in these circumstances cyanotic before decapsulation 
and red after it. Fuchs infers that intrarenal pressure due to disease 
primarily compresses the veins and obstructs the venous outflow. 
This is perhaps supported by the observations of Hayman (1929) that 
the resistance to perfusion of a kidney is increased in acute glomerular 
nephritis. It is claimed, moreover, that decapsulation increases the 
circulation through the kidney of the dog (Hiilse and Litzner, 1926; 
Stropeni, 1925). 

The second set of circumstances in which intrarenal pressure has 
impressed its importance upon observers occurs during the actionof 
diuretics on anesthetized animals. Such a recognition of tenseness 
was, of course, implicit in the numerous oncometric researches showing 
the increase in volume due to diuretics. Brodie (1914) formulated the 
matter explicitly “If we examine a kidney at the height of diuresis we 
always find it very hard and tense. The capsule is distended to its 
fullest degree. If we attempt to make such a kidney expand still fur- 
ther by temporarily clamping the vein we fail completely. We see 
then that some of the tension set up by the blood-pressure in the glo- 
meruli is transmitted through the capsule wall and the walls of the tu- 
bules to the general renal tissues. I made some attempts to measure 
(the general tension of the kidney substance within its capsule) during 
active diuresis, but at present have not obtained any very accurate 
results. As far as they go they indicate a tension of about 40 mm. 
Hg.” Brodie (1914) and Brodie and Mackenzie (1914) made careful 
measurements of the sizes of glomeruli and tubules before and during 
diuresis in cats and dogs, showing the marked distention of these 
structures during activity. Volhard (1935) states “The histological 
picture of kidney insufficiency, whether produced through subacute or 
severe chronic nephritis, through malignant sclerosis or amyloid disease, 
or through drastic reduction of healthy renal tissue, is always the same: 
an astonishing dilatation of the remaining tubules and a high grade 
flattening of their epithelial cells... .. a lesser degree of tubular dila- 
tation and a slight flattening of the epithelium is observed as a transient 
phenomenon at the height of diuresis.” 
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The third set of circumstances in which intrarenal pressure has been 
studied occurs in the isolated blood-perfused kidney of the dog. The 
matter arose from a study of the form of the ureter pressure, urine-flow 
curves (Winton, 1931 a) and of the venous pressure urine-flow curves 
(Winton, 1931 b), it being found that in most kidneys a rise in the 
obstructing pressure failed to affect the urine flow unless the rise ex- 
ceeded a certain value, often about 10 mm. Hg. This was attributed 
(Winton, 1933) to an intrarenal pressure exerted laterally on some distal 
part of the tubules, keeping them collapsed until they were forced open 
by urine whch had reached a pressure just greater than that in the renal 
tissue. In support of this view it was shown that the urine secreted 
against different ureter pressures within the ineffective range had an 
unaltered composition; a change in the proportion of active glomeruli 
could, therefore, not account for the phenomenon. Acceptance of the 
view provided a simple method of measuring intrarenal pressure, in 
terms of the ureter pressure which must just be exceeded in order to 
produce a perceptible fall in urine flow. This value lies between 4 and 
14 mm. ‘Hg in most kidneys; in a typical kidney it is 10 mm.; beyond 
this value, the urine flow, ureter pressure curve is practically linear; 
since urine flow is abolished by a ureter pressure of 20 to 30 mm. it can 
be calculated that the urine flow in the unobstructed kidney would be 
50 to 100 per cent higher if the intrarenal pressure could be removed. 
Even the small intrarenal pressure of the normally secreting kidney is, 
therefore, no negligible factor in determining the urine flow; but diuret- 
ics such as urea and sulphate increase it up to 20 or 30 mm. Hg. Cool- 
ing the blood perfusing the kidney to 8 or 10°C. raises the intrarenal 
pressure to about the same value (Winton, 1934 a), but, strangely, 
changes in arterial pressure within the range 80 to 180 mm. Hg produce 
much less, and may produce no detectable effect on the value of the 
intrarenal pressure (Winton, 1936). Measurements with a sclerometer 
of the changes in tenseness of kidneys have shown that this varies 
qualitatively with the intrarenal pressure. Decapsulation commonly 
about halves the intrarenal pressure. 

Intrarenal pressure can be abolished in kidneys secreting at not too 
high a rate by placing the organ in an air-tight chamber—the arterial, 
venous and ureter cannulae passing through a cork to the outside—and 
lowering the pressure in the chamber below that of the atmosphere 
(Herman and Winton, 1936). If the extrarenal pressure be lowered 
in this way, by an amount about equal to the intrarenal pressure, meas- 
ured in terms of the minimum effective ureter pressure as above, there 
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is a substantial diuresis which is completely reversible but cannot be 
increased by further lowering of the extrarenal pressure. The degree 
of the diuresis corresponds well with that predictable from the ureter 
pressure, urine flow curve. The way in which intrarenal pressure 
obstructs the escape of urine, mentioned above, is demonstrated further 
by the facts 1, that after lowering the extrarenal pressure, the smallest 
increase in ureter pressure reduces the urine flow, and 2, that after rais- 
ing the ureter pressure beyond its minimum effective value, a lowering 
in the extrarenal pressure does not have its usual diuretic action. 

In his lecture on Experimental reduction of renal tissue Verney (1929) 
gives an account of Rose Bradford’s (1898, 1899) demonstration that 
removal of part of a kidney may result in an increase in urine flow, and 
of Pickford and Verney’s (1929) demonstration that the reduction of 
renal substance by ligature of one of the two primary branches of the 
renal artery resulted in an immediate increase, often twofold or more, of 
the urine flow from the surviving half-kidney. The change in the com- 
position of the urine accompanying the development of this polyuria 
of the reduced kidney was such as can be produced by an appropriate 
increase in arterial pressure; the polyuria was, therefore, due to increased — 
glomerular filtration. Ligature of the branch reduced the blood flow, 
usually to about one-half; injection of a dye into the branch showed, 
by the limitation of staining to half the kidney, that there was practi- 
cally no anastomotic connection between the vascular supplies of the 
two halves of this organ. Winton (1934 a) showed that the polyuria 
due to reducing the kidney was at least as striking in the organ perfused 
at 9°C. as at body temperature, and so confirmed that it was a glomeru- 
lar rather than a tubular phenomenon. In a series of kidneys the 
intrarenal pressure was reduced on an average from 13 mm. to9 mm. 
Hg by ligature of the branch at body temperature, and from 26 mm. to 
13 mm. Hg, by similarly reducing the kidney at 9°C. Intrarenal pres- 
sure reduction is, therefore, the main factor producing this spectacular 
polyuria of the surviving half of a kidney when the arterial supply to 
the other half is arrested. 

The question arises, does intrarenal pressure obstruct the outflow 
of blood, or only the outflow of urine? Evidence is conflicting. A 
rise in venous pressure, too small to reduce the urine flow, often increases 
it; this is accompanied by a reduction in blood flow, and presumably 
by an increase in glomerular pressure. These facts would be simply 
explained by supposing that intrarenal pressure was not exerting a pre- 
existing obstruction to the blood flow, but would be difficult to explain 
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if it were doing so. On the other hand, Pickford and Verney (1934) 
report 8 to 15 per cent increase in blood flow through one half kidney 
when the arterial branch to the other half is ligatured, and this, at the 
arterial pressure 100 to 120 mm. Hg employed is quite as much as one 
could expect from a reduction in intrarenal pressure; moreover, Herman 
and Winton (1936) observed an increase in blood flow due to lowering of 
the extrarenal pressure; perhaps the observations that decapsulation 
increases blood flow through the kidney in dogs (Hiilse and Litzner, 
1926; Stropeni, 1925) should also be interpreted in this sense. The 
matter is of considerable theoretical importance and requires further 
analysis. 

Intrarenal pressure, then, plays an important part in determining 
the urine flow in the isolated kidney of the dog, in the freely secreting 
kidney in an anesthetized animal, and probably in disease involving 
acute swelling of the kidney in man. The question remains, does intra- 
renal pressure play a significant part in the normal kidney in the con- 
scious animal? The answer cannot yet be given. Theobald and Ver- 
ney’s (1935 b) observation that even a small increase in ureter pressure 
reduces the urine flow cannot be certainly taken as evidence in this 
connection, because evidence of various kinds suggests the possibility 
that such an increase may produce a protective reflex lowering of the 
glomerular pressure; for example, the increase in urine flow produced by 
a small rise in ureter pressure in decerebrate dogs (Brodie and Cullis, 
1906) is believed to be due to reflex stimulation of the kidney; in lightly 
anesthetized dogs, an increase in pressure in one ureter often produces 
no change in flow from the kidney concerned but an immediate reduc- 
tion in output from the other kidney. Moreover Theobald and Ver- 
ney’s observations on the effects of intra-abdominal pressure suggest 
that mechanical disturbances may easily evoke reflex compensatory 
effects. Experiments are planned on the ureter pressure, urine flow 
relation in conscious dogs after denervation of the kidney; if one were to 
hazard a guess as to the result, it would be that intrarenal pressure plays 
no significant réle at normal urine flows, but may perhaps act as one of 
the limiting factors at the height of diuresis. 

The proportion of active glomeruli. The intermittent activity of 
glomeruli has been observed in frog’s kidneys under conditions in which 
they secrete urine (Richards and Schmidt, 1924), and there seems no 
reason to doubt that it occurs under normal conditions. Evidence has 
been brought forward that a comparable variation in glomerular func- 
tion occurs in the mammalian kidney; Khanolkar (1922) injected hemo- 
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globin, and Hayman and Starr (1925) injected Janus green B.; both 
excised the kidney, cut sections and estimated the proportion of glo- 
meruli in which hemoglobin or the dye could be detected. Adrenaline 
decreased the proportion, caffeine increased it even up to 100 per cent. 
This evidence is much less direct than that in the frog, and whereas it 
seems likely that the proportion of active glomeruli can vary under 
favourable conditions, it seems uncertain as to whether this variation 
plays any significant réle in circumstances in which actual secretion of 
the mammalian kidney has been studied. In the isolated kidney there 


Verney and Winton (1930) showed that the composition of the urine 
formed during caffeine diuresis was the same as that produced by a rise 
in arterial pressure; hence, if caffeine be supposed to increase the pro- 
portion of active glomeruli, so must a rise in arterial pressure increase 
this proportion; but this should manifest itself in a progressive reduction 
in the resistance to blood flow as the arterial pressure is raised. 
In fact, however, the resistance to blood flow increases with ar- 
terial pressure. The observations on adrenaline, mentioned in the 
section on the variation in glomerular pressure, would be difficult to 
reconcile with an explanation depending on variation in the number of 
active glomeruli. The remarkable parallelism between the maximum 
ureter pressure and the degree of diuresis, whatever the diuretic or anti- 
diuretic agent, has been observed by Gottlieb and Magnus (1901), 
Henderson (1905) and many others. Brodie (1914), it is true, com- 
ments on the absence of such parallelism, though he gives no experi- 
mental evidence in support of this view, nor describes the condition 
under which this indeterminate relation can be reproduced. Cushny 
(1926) adopted Brodie’s view, as conforming to the requirements of 
what he called the ‘modern theory.”” But there is no doubt that under 
ordinary experimental conditions the maximum ureter pressure is 
raised by most diuretic agents in anesthetized dogs and isolated kidneys. 
This might count as evidence against an increase in the number of ac- 
tive glomeruli being significant in the mechanism of diuresis. The 
enormous variation in urine, plasma concentration ratios of highly 
concentrated substances (e.g., 5-150 for inulin in the isolated kidney) 
with variation in urine flow in the mammalian kidney, contrasts with 
the relatively small change in these ratios in the frog, and may perhaps 
be taken as another hint that while the number of active units varies in 
the frog, it does not normally do soin the mammal. ‘The only observa- 
tion on the secretion of urine by the mammalian kidney, of which I 


| | 
f 4 
q 
q 
4 
| 
4 
q 
i 


ACTIVITIES OF MAMMALIAN KIDNEY 427 


know, which may call for an explanation involving variation in the num- 
ber of active glomeruli, occurs in the cold kidney; cold, like cyanide, 
appears to be unable to reduce the creatinine concentration ratio below 
about 1.5, and this ratio, unlike that in the warm kidney, seems to be 
unaffected by large changes in urine flow due to changes in arterial 
pressure (Bickford and Winton, 1937). The observation, however, re- 
quires confirmation before it is accepted. | 

Blood flow. The high blood flow through the kidney compared with 
that through most other organs is well-known. A table summarizing 
measurements on the dog’s kidney published up to that time is given 
by van Slyke, Rhoads, Hiller and Alving (1934). The curious inde- 
pendence of the renal blood flow and the arterial pressure in the lightly 
anesthetized dog was shown by Rein and Réssler (1929) and confirmed 
by Glaser, Laszlo, Schiirmeyer (1932, 1933) and by Unna (1935); 
this applies to fortuitous changes in arterial pressure, but particularly 
to the large changes which are brought about by carotid sinus reflexes. 
Unna, for example, found 50 to 80 mm. Hg rise in arterial pressure due to 
clamping both carotids, and a 30 to 50 mm. Hg fall in arterial pressure 
due to distention of one carotid sinus, had no detectable influence on 
the renal blood flow. Reduction in arterial pressure due to hemorrhage, 
however, reduces the blood flow through the kidney (Jannsen and Rein, 
1928). Comparable observations on conscious dogs have not yet been 
published. | 

In the isolated kidney, increase in arterial pressure always produces 
an increase in blood flow, but the property that the resistance to blood 
flow increases with pressure appears to be unique to the kidney, other 
organs exhibiting a diminishing resistance with increasing pressure 
(Winton, 1932). This property is not due to increase in intrarenal 
pressure with arterial pressure, but it may be due to an increase in 
viscosity of blood flowing in the vasa efferentia due to a higher propor- 
tion of water being removed in the glomeruli at higher pressures. Such 
an increase in viscosity can be calculated from the measurements of the 
viscosity of blood of different corpuscular concentrations in the arter- 
ioles of the dog’s hindlimb (Whittaker and Winton, 1933), and by allow- 
ing according to the Arrhenius law for the increase in concentration in 
the plasma proteins (Trevan, 1918). If the pressure-fall in the vasa 
efferentia be taken as about one-half of that from renal artery to vein, 
it can be calculated from the form of the blood pressure-flow curve that 
about 30 per cent of the water has been filtered off in the glomeruli at 
normal arterial pressures. This result is almost independent of the 
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degree of approximation involved in the subsidiary assumptions, since 
the increase in viscosity of the blood is so slow up to about a 30 per cent 
degree of concentration, and so surprisingly rapid thereafter. If the 
calculation is based on measurements of blood viscosity in glass tubes, 
the result depends on the viscometer; in relatively large bore tubes even 
with high velocity (e.g., Hess, 1912) types of viscometer the apparent 
viscosities are about double the values obtained in the hindlimb (Whit- 
taker and Winton) or in glass tubes of about the same diameter as the 
arterioles (Bayliss, 1933); but the change of viscosity with change in 
concentration of blood is sufficiently similar, however measured, not to 
affect the result of this calculation appreciably. The creatinine clear- 
ance in a kidney, in which the filtration rate has been calculated from 
the blood pressure-flow curve, is rarely more than about one-third of 
this value of the filtration rate. This discrepancy will be considered 
in the section below on ‘“‘Leakage from the tubules.’”” Whether such a 
calculation gives the true filtration rate or not, it does, at least, define 
to some extent the limits which are set by a rise in viscosity of the blood 
flowing through the kidney. 

The effect on the blood flow of applying pulsatile instead of steady 
arterial pressures in perfusion experiments has been studied by a num- 
ber of authors, most of whom report that pulsation increases the flow, 
and may also increase the urine flow. These observations are open to 
two objections: 1. Many of them were performed on Ringer-perfused 
organs (e.g., Hooker, 1910; Hiihne, 1916; Fleisch, 1919, 1920, and v. 
Uexkiill, 1935), in which the intrarenal pressure is always the main 
factor obstructing the flow of the perfusion fluid; v. Uexkill, for exam- 
ple, reports Ringer flows in his dog’s kidneys which are probably only 
2 to 3 per cent of what the flow of the relatively viscid blood had been 
in the same organ at a similar arterial pressure. It is clear that such 
kidneys, and other edematous organs, will exhibit increased flow with 
pulsatile pressures in the same way as liquid just spilling over the open 
top of a vertical tube would increase its flow if the applied pressure be- 
came pulsatile, but this phenomenon has no relevance to normal con- 
ditions in which the resistance to flow is due to shear within the blood 
vessels and not to pressure outside the vessels tending to obliterate 
them. 2. In these experiments, the aim has been to make the mean 
pulsatile pressure equal to the steady pressure with which it is compared. 
But presumably the R.M.S. value of the pressure should be chosen for a 
fair comparison, and this with the pulse wave-forms used may be widely 
different from the mean. Hooker (1910), in fact, reports that the 
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greater the amplitude of his pulsations the greater the flow even through 
a tube constricted by a screw clamp! A number of observers who have 
made preliminary observations on the heart-lung-kidney hold rather 
conflicting opinions about the effects of pulsation on both urine and 
blood flows; lack of agreement may be due to the fact that the effects 
are small, and may vanish when the intrarenal pressure is rela- 
tively low. 

Leakage from the tubules. Low threshold diuretics, such as urea, 
sulphate and sucrose, increase the maximum ureter pressure in isolated 
kidneys and in anesthetized dogs from the normal “resting”’ value of 
about 30 mm. Hg to about 70.mm Hg. Thesamesubstances lower the 
minimum arterial pressure consistent with urine formation from about 
75 mm. to about 40 mm. Hg. These facts are not easy to interpret on 
current views of renal secretion; for, according to the filtration reab- 
sorption hypothesis, when the ureter pressure is high enough to stop 
urine flow, reabsorption of water from the tubule continues until the 
osmotic pressure of the non-reabsorbed substances is high enough to 
stop it. If there exists any substance which is not reabsorbed, reab- 
sorption of water must cease; because, if it continued, the tubules would 
become blocked with a solid deposit of the non-reabsorbed substance. 
If reabsorption ceases, and there is no urine flow, glomerular filtration 
must also cease, and the whole of the contents of the tubule should be 
stationary, both physically and chemically. Hence the maximum 
ureter pressure should be equal to the glomerular capillary pressure 
minus the colloid osmotic pressure of the plasma proteins. The “rest- 
ing’? maximum ureter pressure of 30 mm. is, therefore, lower than it 
should be, to fit in with other consequences of the filtration-reabsorp- 
tion hypothesis. The fact that urea increases it, is in direct conflict 
with the evidence that this substance exerts its diuretic effect by ac- 
tion on the tubules. An exactly similar argument can be stated about 
the minimum arterial pressure. Similar effects on both maximum 
ureter pressure and on the minimum arterial pressure are produced by 
cyanide (Starling and Verney, 1923) and by cooling (Bickford and Win- 
ton, 1937), the former increasing the blood flow by about 30 per cent 
(Bayliss and Lundsgaard, 1932), and the latter about halving the blood 
flow. Itis particularly difficult to suppose that these raise the glomeru- 
lar pressure, since they reduce the urea, creatinine and inulin clearances 
to about one quarter at normal arterial pressures. 

The simplest escape from these difficulties, compatible with the fil- 
tration-reabsorption hypothesis in its original, or in its modern form 
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including secretion of some substances into the tubules, is to suppose 
that when flow from the ureter ceases, urine flow down the tubules 
still takes place, this urine leaking back into the blood at some point 
distal to the site of reabsorption of water. The flow of this urine in- 
volves a pressure fall along the tubules, and hence explains the low 
maximum ureter pressure and the high minimum effective arterial pres- 
sure in the kidney secreting at normal rates; it explains the action of 
urea, etc., in raising the former and lowering the latter of these pres- 
sures when secretion is at a high rate. If this be so, it can be calculated 
from the form of the urine flow, ureter pressure curves in isolated kid- 
neys, that two or three times as much urine may leak away as emerges 
from the ureter at normal rates of flow, the proportion leaking becoming 
smaller the higher the urine flow (Winton, 1934 b). A leakage of the 
same order of magnitude has, as indicated above, been calculated from 
the form of the blood pressure-flow curve of the isolated kidney. As 
far as the rather indefinite evidence available goes, it seems likely that 
the creatinine and inulin clearances in isolated kidneys are only one-half 
to one-third of the values obtained in conscious dogs. The creatinine 
clearance, which is identical with the inulin clearance in conscious dogs 
(Shannon, 1935 a, b), is less than the inulin clearance at low rates of 
urine flow in isolated kidneys (Shannon and Winton, 1937). 

Evidence derived from the maximum ureter pressure, the minimum 
effective arterial pressure, the blood pressure-flow curve, the absolute 
value of clearances, and from the ratio of inulin to creatinine clearances, 
all points, therefore, to the existence of a substantial leakage from the 
distal part of the tubules in the isolated kidney of the dog. The 
first two items of evidence are in favour of a leakage also occurring in 
anesthetized dogs, the last two items are, if anything, against such a 
leakage in anesthetized dogs. Hinman and Lee Brown (1924) hold 
that leakage from the Fornix calycis has a physiological significance, 
and this view is developed in connection with experimental work on 
hydronephrosis by Fuchs (1932, 1933, 1934, 1936). It seems, however, 
that the pyelovenous back-flow contemplated by these authors may be 
different from the leakage in the isolated kidney, for in the latter no 
applied ureter pressure will drive liquid from the pelvis into the blood, 
unless the pressure is great enough to rupture the tissues. 

Bayliss and Lundsgaard (1933) attribute the reduction in creatinine 
clearance in the isolated kidney due to cyanide to the development of a 
leakage in the glomerular capsule itself, or at least in some very proxi- 
mal part of the tubule; this view is based, in part, on Richards’ (1929) 


a 


ACTIVITIES OF MAMMALIAN KIDNEY 431 


demonstration that cyanide increases the permeability of the tubules 
in the frog’s kidney. This view does not account very simply for the 
increase in maximum ureter pressure produced by cyanide, but it can, 
perhaps, be made to do so by allowing for variation in the co-existing 
leak from the distal part of the tubules. 

It is evident that a leak from the tubules, back into the blood, plays 
an important part in kidneys under certain conditions. It is possible 
that it plays no part in the normal kidneys in conscious animals, but it 
is not unlikely that it will appear in disease. 

The pressure-fall between glomerular capillaries and ureter. The total 
pressure-head available for driving urine down the tubules must suffice 
to include three pressures in series: 1, the colloid osmotic pressure of the 
plasma proteins; 2, the pressure-fall across the glomerular membrane, 
and 3, the pressure-fall along the tubules.. 1. The action of colloid 
osmotic pressure in impeding glomerular filtration (Starling, 1899) 
is generally accepted. The character of the filtration process has re- 
cently been given greater precision by Bayliss, Kerridge and Russel 
(1933) who showed that proteins with a molecular weight exceeding 
67,000 were retained; those with a lower molecular weight were trans- 
mitted by the glomerular membrane. The diuretic action of dilution 
of the blood with saline, however, which has in the past been used as 
evidence in favour of this conception, presents some difficulties; for the 
diuresis is quite disproportionately great compared with the effects of 
a change in arterial pressure which would produce a rise in glomerular 
pressure comparable with the fall in colloid osmotic pressure due to the 
dilution with saline. The disproportion is over tenfold. The probable 
explanation is that the main action of saline is on the tubules, and hence 
its relatively inconsiderable action on cold kidneys. The colloid os- 
motic pressure in dog’s blood is now taken as 20 to 25 mm. Hg, and this 
would be the effective value in the glomeruli if there were no filtration; 
during normal activity, however, the osmotic pressure which can be 
overcome by the hydrostatic pressure available is the colloid osmotic 
pressure of the most concentrated blood as it leaves the glomerular 
capillaries; this may betaken asabout 40 mm. Hg, if the current methods 
of estimating glomerular filtration rates and blood flows through the 
kidney are valid. 

2. Krogh (1929) and Rehburg (1935) have calculated the pressure 
needed to drive the glomerular filtrate, measured in terms of the creat- 
inine clearance, across the glomerular membrane in man. Taking 
Vimtrup’s (1928) figures for the area of the membrane (1.5 sq.m. for 
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both kidneys), Rehberg’s values for glomerular filtration (180 cc. per 
min.) and Landis’ (1927) measurements on the pressure needed to 
drive liquid across capillaries in the frog’s mesentery, it appears that 
something of the order of 60 mm. Hg hydrostatic pressure difference 
across the glomerular membrane would be needed if the permeability 
of the membrane were the same as that of the capillaries. 

3. The pressure-head necessary to drive liquid down the tubules has 
not yet been measured, and calculations based on the Poisseuille Law and 
on measurements of the sizes of the tubules are difficult, partly because 
the tubules are elastic and leaky, partly because the measurements in 
microscopic sections may not correspond with the normal values. 
Nevertheless Brodie (1914) calculated on the basis of measurements on 
dog’s kidneys that a pressure-head of the order of 80 mm. Hg would be 
needed to drive the liquid from the intracapsular space to the ureter, 
even supposing that the glomerular filtrate was formed at only the same 
rate as the urine, i.e., that there was no reabsorption of water. O’Con- 
nor (1924) from similar estimates on rabbit’s kidneys concluded that at 
least 25 mm. Hg would be needed to account for the pressure-fall along 
the tubules. 

Putting these pressures together, we have 40 mm. for the colloid 
osmotic pressure, 60 mm. filtration pressure, and 25 to 80 mm. pres- 
sure-fall along the tubules,'i.e., a total of 125to 180mm.Hg. A kidney 
will secrete in this way at an arterial pressure of 120 mm. involving a 
glomerular capillary pressure probably of about 80 mm. Hg. It is 
clear that the experimental evidence, underlying the pressure-fiow rela- 
tions which are implicit in the filtration-reabsorption theory, is far from 
satisfactory, and as long as this remains so, renal physiology can hardly 
be regarded as secure from an intrusion by the unexpected. 
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FATIGUE IN MENTAL WORK 


ARTHUR G. BILLS 
The University of Chicago 


Since the meaning and justification of all three terms in the title of 
this paper have been subjects for a great deal of controversy, and since 
the interpretation of the experimental work in this field is impossible 
unless some common basis of understanding is first arrived at, I propose 
to begin with a somewhat arbitrary definition of terms. 

Mental work. Both of these words are highly ambiguous. What is 
work? If we take over the usage of physics and mechanics, work is 
reducible to a simple formula. The equation for physical work, anal- 


‘ogous to that for physical energy, would be MV? where M is mass moved 


and V is distance traversed divided by time consumed. Physiologically, 
work is consumption of energy, and rate of work is computed in terms 
of rate of energy consumption. The work of a living organism, then, | 
would be measured by the increase in the metabolic rate of the working 
over that of the resting organism. If there is no increase in metabolic 
rate, then, by definition no work has been performed. The fallacy in 
this whole point of view is the assumption that there must be a constant 
ratio between energy expenditure (as measured by calories consumed, for 
example) and output. Actually these two variables are not well corre- 
lated. The caloric energy expended by the organism is only remotely 
related to its accomplishment. Therefore, the term ‘‘work’’ must be 
identified with either one or the other, but certainly not with both these 
variables. From the psychologist’s viewpoint, it is more profitable to 
identify “work” with the product, the output, which is readily measurable 
and objective. 

The other term, mental, is equally ambiguous. If we immediately 
set aside all antiquated metaphysical dogmas about a unique “‘psychic”’ 
process, and accept a whole-hearted monism which identifies mental 
activity with the sensory-neuro-muscular processes of the organism, 
i.e., behavior, nevertheless we are still confronted with the problem of 
distinguishing “‘mental work”? from “muscular work’. When is an 
individual performing exclusively ‘‘mental work’’? Several attempts 
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have been made to differentiate. Thorndike suggested that “mental 
work”’ should refer to work of the “‘connecting system’, i.e., the nervous 
system, as opposed to work of sense organs and muscles. But all of the 
experimental work on the activities in muscles and glands during think- 
ing shows that such a distinction is highly artificial, and falls down 
practically, because no task can be devised in which there is no com- 
ponent of muscular tensions such as are involved even in the mer« act 
of attending to a stimulus (15). Watson distinguished between two 
kinds of behavior—overt and implicit, the former referring to the observ- 
able responses of the larger skeletal muscles in acts directed toward the 
environment, the latter referring to the obscure sensory-neuro-muscular- 
glandular adjustments inside the organism which occur in mental 
activities like perceiving, reasoning, emotion, etc. To him, mental 
work meant largely “implicit behavior’ involving, to be sure, some finer 
muscular processes, but little or no gross muscular effort. I shall arbi- 
trarily accept this definition. Thus lifting weights is “muscular work” 
even though it does involve the nervous system, and a task like doing 
arithmetical problems is ‘‘mental work” even though sensitive instru- 
ments show that it involves muscular contractions. Just to illustrate 
the necessity of a clear understanding on these points, let me refer to a 
recent report on metabolism in mental work by Benedict and Benedict 
(3). Studying the change in metabolic rate from performing problems in 
addition and in multiplication without paper or pencil as compared 
with an alert resting state, they came to the following conclusion: 


The increase in heat production as a result of intense mental effort of this type 
can hardly be of the order of more than three or four per cent. These small in- 
creases in oxygen consumption and heat production are in large part to be ac- 
counted for by the increased muscular activity accompanying the increased 
ventilation of the lungs and the increased heart rate. Hence, making a most 
conservatively small allowance for the effect of increased circulatory and respira- 
tory activities in this small metabolic increase, we conclude that mental effort per 
se is without significant influence upon the energy metabolism. 


Now it is perfectly obvious that these authors are thinking of ‘‘mental 
effort” as exclusively activity of a limited part of the nervous system; 
and hence, they must exclude from the results even the metabolic effect 
of the increased circulatory and respiratory activities which are an in- 
dispensable product of the nervous activity. The wonder is that these 
authors, and others who came to similar conclusions, (because they 
started with similar premises) ever performed the studies in the first 
place, since it is obvious, a priori, that the increased activity of a limited 
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number of brain cells could not add any appreciable amount to the 
metabolic rate of the total body. 

But from the point of view of the definition of ““mental work’’ adopted 
in this paper, Benedict and Benedict are not justified in excluding the 
increased muscular activity involved in circulatory and respiratory 

_effort from the “mental work’’, or “mental effort.’ The conclusion to 
“be drawn from their excellent study would be that mental effort produces 
a small but significant increase in metabolic rate. 

Fatigue. This term, as commonly employed, is, if possible, even more 
ambiguous than the terms work and mental. It can refer to at least 
three entirely different, and, to a certain extent, independent things. 
By derivation it means “‘weariness’’ or “feelings of exhaustion”; in other 
words, the subjective experience of the worker. But as used by the 
physiologist, it usually means that change in the condition of the cells 
or organs which have undergone excessive activity resulting in a loss of 
power. And from the point of view of output or product, it means 
that decrement in the quantity or quality of the product which results 
from the continuity of the work. We might call these 1, the subjective; 
2, the organic, and 3, the product definitions of fatigue. If experiment 
had shown that they were closely correlated, then we could dispense 
with the triple problem, but all results point to their relative independ- 
ence of one another. Some authors, feeling that the organic change is 
the most fundamental, identify it with the term fatigue, and make the 
other two variables concomitants of it. This is impractical; because, 
in fatigue studies, large variations in subjective weariness or in output 
can appear in the absence of any comparable organic change. Ex- 
pediency dictates the separate consideration of all three variables, 
though product is the one most often measured because it is most acces- 
sible and most objective. Some authors recommend the complete 
abandonment of the term fatigue, due to its ambiguity (28). The 
reviewer prefers to use it as a generic term to include all three variables. 

To summarize, then, “fatigue in mental work” means a measurable 

decrement in either output or organic state or subjective feeling-tone 
_ resulting from the continuous performance of intellectual work involving 
implicit behavior predominantly. 

Measurement of fatigue. Each of the three different aspects of fatigue 
requires its own measuring device and criteria. Subjective fatigue is 
measured by the change in feeling-tone described as loss of readiness for 
work, or increasing desire to terminate work. Like all subjective 
variables it must be measured by means of a rating scale based on the 
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worker’s introspective report. The simpler such a rating scale is the 
better. For example; the worker may be asked to designate his feeling- 
tone at the beginning and at regular intervals during work on a scale 
of five degrees; 1, very fit; 2, fit; 3, average; 4, rather tired; 5, very tired. 
From these values a curve can be plotted whose horizontal axis repre- 
sents successive equal units of continuous work or time, and whose verti- 
cal axis represents the levels of feeling-tone. The curve would then 
indicate the progressive deterioration in feeling-tone with continued 
work. 

_ Organic fatigue, on the other hand, is measured in terms of quantita- 
tive change in metabolism. Many measures of metabolism are used, 
which can be roughly divided into 1, changes in the character of physio- 
logical processes like breathing, heart rate, blood pressure, blood volume, 
temperature, etc., and 2, changes in the character of the products of 
metabolism, as carbon dioxide elimination in the expired air, oxygen 
consumed, the respiratory quotient, blood analysis and urine analysis 
for inorganic phosphorus, lactic acid, alkali reserve, hemoglobin, de- 
creased O, or increased CO,, decreased sugar, changes in calcium, chlo- 
rides, cholesterol and creatinine contents. Some authors have at- 
tempted to study the metabolism of the brain exclusively by obtaining 
their blood samples from internal jugular vein punctures or by a study 
of cerebral thermometry. 

Objective fatigue, or decrement in output, is studied by one or other 
of two main methods, the continuous work method and the interpolated 
task method. According to the former, a continuous record is kept 
of the output of the subject per unit time throughout the period of 
work. <A work curve is then plotted from these values showing the 
change in level of performance of the subject in successive units of time. 
The criteria of efficiency of performance most commonly used are speed 
and either accuracy or some other criterion of quality of output. 
According to the other, the interpolated task method, the subject is 
given a brief test at stated intervals during the work period in which his 
level of performance is tested on some other task than the one on which 
he is engaged. For example, if the main task is addition of numbers, 
the interpolated test may be of strength of grip on a dynamometer, 
or physical endurance on an ergograph or of eye-hand coérdination, or 
of visual reaction time, or sensory acuity. It is assumed that the inter- 
polated test is a better or more direct test of fatigue than the work task 
itself, which is, of course, a highly questionable assumption. Most 
recent investigators prefer the continuous work method, unless they 
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are investigating progressive changes in efficiency resulting from other 
factors than continuous work, such as insomnia, fasting, drugs, diet, 
etc. In measuring fatigue by the continuous work method, the result- 
ing trend of the curve of work is complicated by certain factors which 
make it unsafe to estimate the degree of fatigue entirely from the decre- 
ment in the curve itself. One of these factors is practice effect. Unless 
the subject is highly practiced in the task, his performance will improve 
considerably in a single work period, thereby masking the fatigue effect 
and giving either a level or rising curve with no apparent decrement. 
To obviate this difficulty, Thorndike (40) suggested that, since fatigue 
is defined as a lowered capacity for work which is removed by rest, it is 
legitimate to compare a subject’s level of performance at the end of a 
work period with his performance level as tested after a subsequent rest 
of sufficient length to remove the effect of the work. By subtracting 
the former from the latter, one can obtain the true fatigue decrement. 

Other disturbing factors are due to sudden changes in the subject’s 
motivation, causing his performance level to change temporarily. For 
example, “end spurt’’ is the abnormally high point of performance near 
the very end of a work period caused by the subject’s elation over the 
approaching rest. It is hard to say when a subject is working at maxi- 
mum capacity and when not because of these changes in the strength of 
the motive to which he is responding. We have to assume that, if he 
is instructed to work at maximum capacity at all times, then his level 
of performance at any given time does represent his maximum at that 
particular time. 

One further question needs to be clarified before the results of experi- 
mental work can be reviewed; that is the question of choice of mental- 
work tasks. If results are to be treated quantitatively, tasks must be 
used which are divisible into equivalent units as to amount and diffi- 
culty. Sometimes it is desired to compare fatigue from tasks of different 
degrees of difficulty. But what is the criterion of difficulty of a mental 
task? Some authors judge by the subject’s own estimate. If the 
subject feels that the performance of the task is extremely arduous, then 
it is judged to be a difficult task. For example, Benedict and Benedict 
make this the main criterion in selecting ‘‘mental multiplication” of two- 
place by two-place numbers. But what justification is there for this 
in the light of the known fact that a greater decrement can be obtained 
from twenty minutes of color-naming than from two hours of “mental 
multiplication”? Subjective difficulty is no criterion of objective 
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difficulty. As will be shown later, Robinson and Bills (32) found 
homogeneity to be the most important single factor productive of rapid 
decrement in mental work, and hence, the most important criterion of 
difficulty on the objective side. It is evident that difficulty must be 
defined differently depending on whether subjective or objective fatigue 
is being investigated. 

RESULTS OF EXPERIMENTAL STUDIES OF MENTAL FATIGUE. The fol- 
lowing review of experimental work is admittedly incomplete. The 
limitations of space have necessitated confining the references to a few 
typical studies of recent date. The aim is to indicate present trends 
rather than to give a complete historical account. 

A. Feeling-tone. All investigators are agreed in finding a much more 
rapid decrement in feeling-tone than in objective output of mental 
workers. <A typical study is that of Poffenberger (30) on the decrement 
developing in four tasks of varying homogeneity; addition, sentence 
completion, intelligence tests, and judging compositions. He took in- 
trospective reports of the subject’s feeling-tone after each twenty-one 
minute period during five and a half hours’ work. Seven degrees of 
feeling-tone were recorded from “‘extremely good”’ to ‘extremely tired’’. 
Output and feelings were plotted separately. The results show that 
feeling-tone dropped from the very start and continued to decline, 
whereas output remained at a constant level in two of the tasks, dropped 
in one, and increased in the fourth, due probably to practice. The 
persons showing greatest feeling-tone decrement also showed greatest 
output decrement, but, otherwise, the two processes were unrelated. 
This is in agreement with previous findings. Persons differ consider- 
ably in their susceptibility to feeling-tone decrement from repetitive 
work. It is difficult to make direct comparisons because one man might 
rate himself “extremely tired’? when he actually felt no worse than 
another man who gave himself a rating of ‘‘moderately tired.’”’ But, in 
general, the more intelligent, more versatile, and less perseverative type 
of thinker is most quickly bored, and hence, has the greatest feeling- 
tone decrement. | 

B. Organic state. The effect of mental work, as here defined, on the 
organic condition of the worker can be stated, but only with reserva- 
tions, due to the wide discrepancy between results of different studies. 
Part of this discrepancy is due to the different ways in which the term 
“mental work’? was interpreted by the different investigators. Some 
of them were obviously searching for a “‘will-o-the-wisp.”” Let us first 
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do a little a priori speculating on the question of what the physiological 
effects of mental work, as defined by us, might be expected to be. Then 
we can determine whether the actual results of experiment bear us out. 

Mental work has been defined as the implicit behavior involved in 
solving intellectual problems. What physiological mechanisms does 
this implicit behavior use, and what fatigue effects should be antici- 
pated? Roughly, these mechanisms are sense organs, peripheral and 
central nerves, striped and smooth muscles and glands. That a certain 
amount of sense organ fatigue can be expected, is evident from the use 
of the sense organs in receiving the stimuli, and such fatigue manifests 
itself objectively in decreased sensory acuity. Fatigue of the nervous 
system was once denied but can no longer be, in the face of the evidence 
showing, on the one hand, that there is increased metabolism in nervous 
tissue when impulses are conducted (16), involving production of COz, 
dissipation of heat, etc.; and, on the other hand, that continuous stimu- 
lation of nerve is followed by a decreased capacity to conduct which 
develops cumulatively (14). This is true independently of the phe- 
nomenon of refractory phase. That muscular fatigue is involved re- 
quires proof, and there is abundant experimental proof at hand. Stud- 
ies of the skeletal muscles show increased tension accompanying all 
thought processes (10, 15, 24), and proof is not lacking that this muscu- 
lar tension is not merely an irrelevant concomitant but is an essential 
element in stimulating and directing the thought process (4). The 
process of attention, the term which is used for a state of mental alertness, 
is also a process of tension. Smooth muscles and glands are also in- 
volved. Studies of blood pressure, heart rate, and breathing demon- 
strate smooth muscle involvement, while studies of altered electrical 
conductivity of the skin, the galvanic skin response, have shown it to 
be intimately related to the intensity of mental effort (37). We could 
predict this, from the evident fact that no intellectual response is com- 
pletely devoid of emotional components; the total organism is too inti- 
mately associated to permit such an artificial process as a “purely cog- 
nitive’ response to occur. And, where emotion is involved, smooth 
muscle and gland are affected. 

Finally, there is a modicum of overt response involved in all practical 
mental work situations, even though it is rightly held at a minimum. 
This is not to be considered some foreign factor, to be subtracted from 
the mental work, but is an intrinsic aspect of it. All mental work, as 
it actually occurs in practical life, involves this overt element. Such a 
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highly artificial situation, as would be required to eliminate it, would 
have no practical predictive value for actual life. 

We are now in a position to evaluate the results of the studies of 
energy expenditure in mental work. 

1. Changes in physiological activities. a. Breathing rate and depth 
are both affected. A small increase in rate is accompanied by a great 
change in the quality of the breathing curve. It becomes very irregular 
with stretches of shallow breathing interspersed with deep inhalations 
(3, p. 36). In concentrated attention, the worker tends to hold his 
breath. To the extent that thinking involves sub-vocal speech, breath- 
ing is made irregular (19). 

~b. Pulse or heart rate has been found to increase slightly in those 
studies where the experimenter was careful to achieve a completely 
resting pulse before mental work was begun (13). Early studies by 
Vaschide and des Bancels, in which they compared their pulse rate on 
days when they rested and days when they did mental work and got a 
faster pulse on the rest days, are invalidated, because they failed to 
control their physical activity on the rest days. Arai’s (1) results 
showing a drop in pulse rate of 2.3 per cent during a day’s mental work 
are invalidated because she may have been physically active when the 
work began and during the work was physically passive. Dodge re- 
ports that “within the limitation of my experimental data, I can say 
that, provided one starts from a pre-experimental condition of relatively 
complete physical and mental relaxation, every new mental or physical 
activity is correlated with an accelerated pulse.”” Benedict and Bene- 
dict (3) recently obtained increases in heart rate from a resting rate of 
60 to a rate of 65 per minute during an hour’s mental work. 

c. Temperature changes give contradictory results. All experi- 
menters report that some subjects show a rise, while others show a drop, 
the amount never exceeding a half degree either way. 

d. Blood pressure and volume have rarely been studied in this connec- 
tion, but Day (11) reports no consistent tendency. Gillespie, on the 
contrary, obtained increases in blood pressure (17). Emotional stimuli 
are known to cause decided increases, as in the case of students facing 
an examination. 

2. Studies of the products of metabolism. Since all these physiological 
activities can vary in the absence of any change in fundamental metab- 


olism, it is necessary to study directly the products of the metabolic 
process. 
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a. Respiratory calorimetry is studied through an analysis of the gaseous 
exchange. Determinations are made of the oxygen intake, rate of 
oxygen consumption, and carbon dioxide elimination, through chemical 
analysis of the expired air. The respiratory quotient is the ratio 
between the oxygen absorbed and the carbon.dioxide exhaled, indicat- 
ing the economy of the combustion process. Probably the best single 
index is the oxygen consumption rate, because the carbon dioxide 
elimination rate varies with strength of breathing, and may not indicate 
any change in rate of carbon dioxide production at the time. When a 
person’s resting metabolic rate is known, one can compute the per- 
centage increase over this, caused by work. Muscular work has usually 
been found to give large increases, roughly proportional to the intensity 
of muscular effort, but not cumulatively proportional to the length of 
time over which the work continues. An oxygen debt is incurred which 
is paid back after the work ceases. 

But for mental work, the results obtained by several investigators 
seem, on the surface, to be contradictory. Numerous recent studies 
report increases all the way from zero up to 28 per cent and more, above 
the resting rate (3) (34). A careful examination of the reports, how- 
ever, suggests that the differences are due to differences in type and 
amount of work, in procedure, and in interpretation. The mental work 
used by those who got the largest increases involved more gross muscu- 
lar activity. Probably, for tasks in which the muscular component is 
at an absolute minimum, an increase of 3 per cent to 4 per cent is a good 
conservative estimate. The effect appears to be non-cumulative; that 
is, the adjustment to the higher rate occurs early and remains at this 
level during the work period. A recovery period then follows, in which 
the return to normal is gradual. A good review of recent literature can 
be found in Benedict and Benedict (3). 

b. Blood analyses have been made for the organism as a whole, and 
for the brain alone by internal jugular vein and carotid artery punc- 
tures (29). More CO: and less O2 and less sugar have been found in 
blood leaving the brain than in blood entering, showing that the brain 
undergoes metabolism, but tests of outgoing blood before and after 
mental work show an increased O-2 and decreased CO: content (26). 
This is readily explained as due to the known dilatation of the vessels 
in the brain by mental effort, causing a greater volume of blood to pass 
through. Blood changes in the whole organism, from mental work, are 
small as might be expected. Decreased sugar has been noted, small 
increases in inorganic phosphorus, cholesterol, and creatinine, and a 
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lowered alkali reserve (18, 23, 25). Goldstein reports that when the 
muscular component is largely removed from the mental work, the blood 
changes from an hour and a half of work show no reliable difference from 
those resulting from an equal period of rest. He found no variations 
resulting from varying the intensity of effort. 

c. Urine analyses indicate a small increase in organic phosphorus after 
prolonged mental work (39). 

d. Saliva tests have been used occasionally with contradictory results, 
but the variations of hydrogen-ion concentration of the saliva do not 
correlate highly with those of the blood, and doubt has been raised as 
to the reliability of such determinations (2). 

It would seem that the experimental demonstration of energy ex- 
penditure in mental work is already sufficient. What we need now is 
to determine what conditions of work require more or less energy ex- 
penditure. Noise is an example (22). Adequate or inadequate motiva- 
tion is another. 

It would also seem to be a fruitful direction for future research to 
determine whether the organic effects of mental work can be removed, 
by experimenting with fatigued persons. The reviewer has been study- 
ing the comparative effects of anoxemia and of continuous mental work 
on performance. They were found to be similar; i.e., an hour’s mental 
work produces the same decrement in performance level that results 
from breathing air containing only 10.5 per cent oxygen. Also, output 
decrement is very rapid under anexemic conditions. This suggested 
that a fatigued worker might benefit from breathing pure oxygen. A 
study was therefore performed in which subjects, fatigued from a half 
hour of mental work in normal atmosphere were given pure oxygen for 
fifteen minutes while continuing to work. The results indicate a re- 
cuperative effect of the oxygen but are too incomplete to justify any 
conclusion as yet. ‘ 

Still another attack on the problem from a different angle is that of 
Shock (38). He altered the blood chemistry of his subjects within 
wide limits of alkalinity and acidity by administering the appropriate 
doses of soda bicarbonate or ammonium chloride to determine whether 
either their level of output or feelings of fitness for work would be 
affected. He found feeling-tone greatly affected, but output not re- 
liably altered. 

C. Changes in objective output. As compared with the rapid decre- 
ment in performance shown in tests of continuous muscular work of 
isolated muscle groups such as are involved in the Mosso ergograph, for 
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example, the decrement in output in mental work is relatively small over 
long periods of time. The characteristic form of the work curve shows 
a rapid adjustment during the early stages from the initial high level 
to a lower level which the worker can maintain almost indefinitely with- 
out a complete breakdown. The classic example is Arai’s (1) twelve- 
hour work curve for continuous mental multiplication of four-place by 
four-place numbers, which showed a total decrement to about one-half 
her initial level. However, later studies have shown the amount of 
decrement in mental work to vary with the nature and difficulty of the 


_ task. Where tasks were used of varying degrees of homogeneity, it was 


found that highly homogeneous tasks produce much more rapid decre- 
ments than do varied or heterogeneous tasks (32). The law of homo- 
geneity is that: the more homogeneous the task, the greater the de- 
crement. This effect is possibly accounted for in terms of the neuro- 
physiological principle of cumulative refractory phase, or the tendency 
for the post-stimulation refractoriness of an are to be prolonged after 
repeated rapid stimulations. In homogeneous work, a limited system 
of neural arcs is repeatedly stimulated. This is probably the objective 
counterpart of what is subjectively known as “monotony.”’ Closely 
related to the principle of homogeneity is that of continuity. The more 
continuous the task, i.e., the more rapidly the successive stimulations 
follow one another, the greater the decrement. If the task is sufficiently 
discontinuous, no decrement will occur. A third principle, however, 
that of interference or competition between the elements in the task, 
works directly opposite to the homogeneity law. If the response tend- 
encies excited by the task are antagonistic to one another, then the 
decrement is proportional to the number of such competing elements. 
This reverses the homogeneity law. For example, in the color naming 
task, where the subject has to continuously discriminate color stimuli, 
thé decrement in the work curve has been found to be proportional to 
the number of different colors used in the series (6). That is, by increas- 
ing the number of possible wrong responses, we make it more difficult 
for the correct response to occur, because the number of inhibitory 
tendencies must be increased with a resultant greater drain on the neural 
resources. A related phenomenon is the increased decrement which 
occurs in tasks which require a rapid “shift of set’’ on the worker’s part. 
For example, if a subject must rapidly alternate every few seconds 
between addition and subtraction of numbers, a greater decrement will 
result than from performing either one exclusively. 

Mental work involving the operation of firmly established habit sys- 
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tems suffers less fatigue decrement than work involving unpracticed 
habits. This is true of the organic state as well as the output (34) (83). 
This principle is probably closely related to the interference principle 
already mentioned. When new habit systems are set in operation, there | 
occurs a wide spread of excitation into many irrelevant channels. As 
the habit is strengthened by practice, these irrelevant reactions drop 
out. The performance becomes more economical, and hence, less fati- 
guing to the whole sensory-neuro-muscular mechanism. ‘These, then, 
are some of the main characteristics of the mental work task which 
determine the amount of fatigue decrement, i.e., homogeneity, con- 
tinuity, competition, and stage of practice. Robinson has formulated 
seven principles of the work decrement, including these. No doubt 
other principles will develop from further studies. For example, does 
complexity in itself make mental tasks fatiguing? Does the fact that 
multiplication of four-place numbers is more complex than multiplica- 
tion of two-place numbers make the former more fatiguing? Subjec- 
tively, the former task is harder, yet objectively it probably produces — 
no more decrement. 

Individual differences. All students of the mental work curve are 
agreed in finding wide differences between individual subjects in the 
general form of their work curves. But the attempt to assign particular 
types of curve to particular persons as characteristic of them has been 
unsuccessful because of the variations from task to task. Any attempt 
to write a generalized equation for the work curve is handicapped by 
these facts. 

The blocking phenomenon. In addition to the decrement in speed and 
quality of output resulting from continuous mental work, there is a very 
significant change which takes place in the character of the performance 
which has an important bearing on the true nature of mental fatigue. 
The reviewer, in an attempt to discover why mental work yields such 
small decrements as compared with muscular work, made an intensive 
study of each separate response in a continuous work record of color 
naming, adding digit pairs, naming opposites, code substitution, and 
other repetitive tasks (5). The exact time of each response was kymo- 
graphically recorded. It was found that the performance is not con- 
tinuous (even though the worker tries to make it so) but is interspersed 
with short pauses occurring about three times a minute, on the average. 
These pauses or blocks are as long as two or more average response 
times and increase in length and frequency throughout the work period. 
They are apparently due to some cumulative refractory phase in the 
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response mechanisms which furnishes frequent rests and enables the 
worker to continue at his original rate. In fact, if the normal response 
times (exclusive of the “block” pauses) are computed, it is found that 
there is no decrement in reaction time after an hour’s work. The in- 
crease which occurs in the length and frequency of the blocks gives the 
worker enough rests to compensate for the fatigue which would other- 
wise develop. 

When the homogeneity of the task is systematically varied, the blocks 
vary concomitantly in frequency and length (6). Practice in the task 
reduces the blocking tendency just as it has been found to lessen the 
fatigue effect. If the rate of speed at which the subject works is auto- 
matically controlled by the experimenter, and tests are made at increas- 
ing speeds, there is found to occur a positively accelerated increase in 
the frequency and length of the blocks (8). A study of the relation 
between blocking and errors shows that there is a consistent tendency for 
errors to occur in connection with blocks, either directly before or 
directly after. The assumption is that the same common factor is 
responsible for both, i.e., a period of lowered reactive capacity which 
recurs at frequent intervals, and serves a recuperative function. 

Transfer of fatigue. According to present day theories and findings 
concerning the “mass” functioning of the cortex, mental work must be 
assumed to involve not only the limited sensory-neuro-muscular sys- 
tems immediately concerned in the specific intellectual operations, but 
also the general facilitative action of the entire cortex. Besides, there 
are many specific operations which occur in more than one kind of men- 
tal work. Thus the same digits occur in addition, subtraction, division, 
multiplication, etc. Hence, we can assume that the fatigue which 
develops as a result of continuous work on one mental task should carry 
over to any other subsequent mental performance, and that the degree 
of such transfer should be in part proportional to the degree to which 
the two tasks involve identical or similar operations. But, in part, it 
should be independent of this, because of the common use of the general 
facilitative function of the cortex. 

Studies of transfer of decrement between mental tasks show positive 
amounts which vary roughly with the similarity of the tasks. Arai (1) 
found that nine hours of ‘‘mental’’ multiplication caused a 21.4 per cent 
increase in time taken to memorize words, and her subjects suffered a 
13.5 per cent decrease in ability to memorize nonsense syllables after 
two hours of mental multiplication; but addition and free association 
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were unaffected. Chapman (9) compared the amount accomplished 
by subjects under three conditions—1, continuous addition or continu- 
ous cancellation; 2, alternating addition and cancellation every half- 
minute; 3, alternating rest with either one. The greatest decrement 
occurred in the continuous condition, the least with the rest, and the 
alternating task condition gave results about half way between. This 
was corroborated by Vickery (41). One study employed tasks in which 
the number of identical elements could be systematically varied. 
Transfer of fatigue between such tasks was found to be quantitatively 
proportional to the number of identical elements (7). 

There is probably also some transfer of fatigue from muscular work 
to mental work and vice versa, but the results are very contradictory 
even on the same person (12). The effect may be facilitative or inhibi- 
tive depending on the amount and kind of work performed. 

Rest and recovery from fatigue. All three aspects of fatigue, i.e., feel- 
ing-tone decrement, organic change, and output decrement, are alike 
in that they disappear with rest. But the rate of recovery apparently 
differs. Among the problems raised are these: What are the relative 
rates of recovery for feeling-tone, organic condition and output? Are 
they interdependent? How does the rate of recovery compare with 
that for muscular work? How does it vary with the length of the work 
period and the difficulty of the work? How should rest periods be dis- 
tributed for maximum effect? The answers to these questions are very 
incomplete. Poffenberger (30) found that a ten minute rest period, 
following five and a half hours of mental work, produced an absolute 
improvement in feeling-tone which was fairly constant regardless of 
the type of task or of the amount of previous decrement which had 
developed. He found no clear relationships between the change in > 
feeling-tone level and the change in output level resulting from rest. 
As to recovery in organic condition Schubert (36) found, for muscular 
work lasting up to twenty minutes, that the excess oxygen consumed 
during the recovery period was a function of the length of the previous 
work period, and that the rate during the first three minutes of rest 
exceeded that during work. Thereafter, it gradually fell to the resting 
level. As to mental work, Rounds, Schubert and Poffenberger (34) 
made tests of the expired air twice during the recovery period following 
twenty minutes’ work on addition. They found that the metabolic 
rate had seldom returned to the normal level during several minutes of 
rest and was frequently higher in the second test than in the first. This 


e 
i 
4 
q 
q 
q 


/ 


450 ARTHUR G. BILLS 


seems to indicate a slower rate of recovery from the organic effects of 
mental work than from an equal period of muscular work. Is this also 
true of the output level? Manzer (27) reports that for muscular work 
of the ergographic type carried on to exhaustion, the average recovery 
after five minutes was 82 per cent, after ten minutes, 90 per cent, and 
after twenty minutes, 95 per cent. This gives a negatively accelerated 
curve, with more than three-fourths of the recovery completed during 
the first five minutes of rest. No adequate data exist for mental work, 
but there is some evidence that the rate of recovery is also negatively 
accelerated. A study should be made in which recovery in feeling- 
tone, organic state and output level are tested at parallel intervals 
following a work period. 

As regards distribution of rest periods, members of the Kraepelin 
school, notably Graf (20), have contributed much information. Graf 
found that, for certain repetitive mental tasks, the optimum rest period 
was two minutes for each hour of work or five minutes for each two 
hours, which is considerably less than the corresponding figures for 
muscular work. The attitude of the worker toward the task and toward 
the rest is highly important. 


GENERAL CONCLUSIONS 


On the basis of the evidence available at present we can draw the 
following general conclusions. 

Continuous mental work does produce fatigue effects which are pro- 
portional to the length, rate and difficulty of the task, provided difficulty 
is understood to mean homogeneity and interference rather than mere 


complexity. 


These fatigue effects are manifested in three directions; viz. feeling- 
tone decrement, output decrement and organic change. There is very 
little inter-correlation between the amount of change in these different 
directions. 

The organic change is small compared to that from equivalent periods 
of gross muscular work, and a large part of the organic effect must be 
attributed to the sensory-motor rather than the neural element of the 
mental work. 

Mental performance is not perfectly continuous but is interspersed 
with short pauses or blocks which may have a recuperative function 
because they increase in length and frequency in proportion to the 
length and difficulty of the task. 
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The fatigue effects, developed in one mental task, transfer to other 
mental tasks in proportion to their similarity to it. There is not much 
transfer of fatigue effects between mental and muscular work. 

Recovery from the fatigue effects of mental work progresses at a 
negatively accelerated rate, occurring most rapidly during the first few 
minutes. In this, it resembles muscular fatigue. 


This review has been confined to the normal manifestations of mental 
effort and has avoided consideration of results of extreme exertion, such 
as are popularly supposed to cause serious mental derangements. How- 
ever, the consensus of psychiatric opinion is against the assumption that 


sheer intellectual effort, apart from emotional strain, can cause either 
neuroses or psychoses. 
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REVERSIBLE INACTIVATIONS OF CERTAIN HYDROLYTIC 
ENZYMES 
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Medicine, Baltimore, Maryland 


Contemporary investigation in enzymic catalysis is developing new 
approaches to the solution of difficult problems. These promise to be 
of additional service in the attack upon certain related biological fields. 
An outline of the most recent progress would include 1, the isolation of 
crystalline proteins so closely identified with enzyme activities that they 
have been designated crystalline enzymes (111) (85); 2, the identifica- 
tion of certain other more or less well-defined organic substances as 
participants in bio-catalysis;! 3, a more penetrating analysis of the 
specificities a, of proteolytic enzymes (5) (made possible by significant 
advances in the separation of enzymes (130) and in the synthesis of 
peptides), and b, of the cellular dehydrases; and 4, the extension of our 
knowledge of the several physical and chemical factors controlling 
catalysis by enzymes. Such categories are interrelated. A portion of 
the last named field has been assigned as the subject of this review. 

There will be emphasized recent studies which have permitted a 
correlation of the control of activity of several hydrolytic enzymes with 
reversible chemical processes such as.oxidation-reduction, the action of 
mercaptide-forming metal compounds, or metal ion codrdination. A 
comprehensive treatment of the numerous isolated studies of enzyme 
activations and inactivations will not be attempted. Reference will be 
made occasionally to the bearing of methods and. of interpretations upon 
problems in adjacent fields. 

Activation of enzymes. In a series of papers, now classic, Sérensen 
(110) demonstrated the necessity for and set forth the means of secur- 
ing in enzyme studies an adequate control of what is now designated the 
hydrogen ion activity (14). The relation of this variable to enzyme 


1For example, Warburg’s ‘‘yellow respiratory enzyme’’ (protein-phospho- 
flavin) (126) (116) (62); the coenzyme of red blood cells (127) and cozymase (27); 
cytochrome-C (135). Note (66a). 
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action was studied intensively by Michaelis and his co-workers (77) 
who employed in their analysis the concept of the ampholyte character 
of enzymes and of enzyme-substrate intermediates. Activity-pH curves 
(for specified temperatures) are now evaluated as a first step in the de- 
scription of an enzyme activity and illustrate the most obvious method 
of attaining a reversible activation (compare the case of pepsin (85)). 
Irreversible inactivations of enzymes by H+ and OH™ ions complicate 
the picture, and are treated generally as destructive chemical actions 
upon the fragile enzyme molecules (40). 

In addition to those changes in ionic species which are brought about 
by pH-control (e.g., by the use of buffers) the activity of enzymes in 
general may be altered through various “‘salt effects.’”” The most general 
kind of salt effect would result from a change in the thermodynamic 
environment resulting from the presence (14) in reaction mixtures of 
added ions or molecules (buffer or other salts, amino acids, proteins, 
etc.). The magnitude of general salt effects may, perhaps, be gauged by 
studies of the variation of enzyme activity with the ionic strength (65) 
of the medium. There is needed systematic work upon this point. 
The experiences of investigators (12) in other fields of catalysis should, 
however, be taken as a warning concerning the probable complexity of 
the matter (see 34). 

Consideration of some of the larger, more specific effects is included in 
this review. In the literature (40) are to be found descriptions of a 
bewildering array of enzyme activations and inactivations by various 
reagents. The activating effects of sundry reagents have been inter- 
preted in terms of coenzyme actions, salt effects, modification of elec- 


tronic characteristics of the enzymes, or changes in oxidation-reduction 


state of their specific activators, removal of inhibiting metal ions, etc. 
Correlation and rationalization are emerging nevertheless from the rich 
background of experimental material. This may be illustrated by a 
severely restricted historical survey. Here and elsewhere reference to 
the literature remains regrettably incomplete. Fortunately, there are 
now available some excellent descriptive reviews. (For example (84).) 

Catheptic proteinases; papain. Observations akin to the depression 
of catalase activity by HCN (102) are of long standing. Of more recent 
origin are consistent studies of the specific effects of certain reagents 
upon so-called hydrolytic enzymes like urease, arginase, phosphatases or 
papain. Vines (120) attempting the use of cyanide as a disinfectant in 
studies of papain, the proteolytic enzyme of the pawpaw (carica papaya), 
encountered in hydrolyses of gelatin an unanticipated, markedly favor- 
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able action of this reagent. That this effect involved an “actual accel- 
eration of proteolysis’ was brought out by the experiments of Mendel 
and Blood (74), who also discovered similar behavior in the case of H.S, 
but not of a third weak acid, HBO:. Later, Willstitter, Grassmann, and 
Ambros (131) with improved experimental methods greatly extended 
the scope of investigation. The results of none of these studies seemed 
to justify an interpretation of the activations in chemical terms. How- 
ever, the observations indicated generally that the action of HCN or of 
H2S resulted primarily in an enhancement of the potency of the cata- 
lyst, corresponding virtually to an increase in the enzyme’s concentration. 
According to Frankel (30) no HCN is destroyed in the course of diges- 
tion and this precludes its action as a reducing agent. However, the 
analytical methods available to him were probably incompetent to 
decide this question. 

The existence in certain plant tissues of material (‘‘phytokinase’’) 
similar to HCN in its action upon papain and bromelin (papain-like 
enzyme of pineapple) was first suggested by the work of Willstatter and 
his students, particularly Ambros and Harteneck (2). Waldschmidt- 
Leitz and co-workers, were able to show (122) that proteolytic enzymes 
(cathepsins) of certain animal cells (e.g., of liver) not only resemble the 
papain-type plant proteinases as regards their activation by HCN or 
H.S, but likewise seem to be associated in the tissue with activators 
(“‘zodkinase’’).. The tripeptide, reduced glutathione (50), was identified 
as such a naturally occurring activator for yeast protease by Grass- 
mann et al. (38) and for liver cathepsin by Waldschmidt-Leitz, Purr 
and Balls (124) after it had been shown (37) that cysteine and HS-gluta- 
thione are as characteristic in their enhancement of the proteolytic potency 
of papains and of cathepsins as HCN. Such observations naturally 
brought forth speculation concerning the réle of activators in enzymic 
catalysis as well as of the control of enzyme action in vivo (36). 

Suppression of enzyme activity by metal ions and by other reagents. The 
“‘poisoning”’ action of certain salts (e.g., AgNO3, HgCl.) upon enzymes 
is too well known to require emphasis. . It has been shown that the 
inhibiting effect of silver ions upon saccharase (25) or crystalline urease 
(111) is fully reversed by the action of H.S. The silver-saccharase 
effect was considered by Myrbick (82) to involve a dissociable silver 
salt of the amphoteric enzyme. Krebs (60) examined the marked sensi- 
tiveness of papain to the action of certain heavy metal ions. He sought 
to interpret the activating qualities of HCN and of H.S, etc., in terms 
exclusively of the removal of inhibiting metal ions. In contrast, it is 
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well established that heavy metal ions are not invariably inhibitors. 
(Compare (79).) Ferrous ion activates arginase. Furthermore, catalysis 
by hydrolytic enzymes is not always favored by HCN. The activity 
of certain peptidases, plant proteases, or arginase is suppressed under 
well-defined conditions by HCN, HS or cysteine. 

The conflict in current views of the nature of enzymes is reflected in 
a certain confusion in the treatment of activations, inactivations, co- 
enzyme and other effects. However, it is now recognized that catalase, 
peroxidases, cytochrome, and certain oxidases are probably all hemo- 
chromogen types (cf. (56)). Their structures would be comparable to 
hemoglobin in consisting essentially of a more or less specific protein 
combined with a component (a heme) in which a metal atom is co- 
ordinated in part with a porphyrin nucleus. This provides the basis 
for a sound treatment of the suppression of activity of these catalysts by 
isocyanides, HCN, H.S, CO, and many other reagents. It also implies 
a mode of control of the pace of certain oxidative processes through the 
interplay of metal-coérdinated complexes. In another field, the crystal- 
lization of urease by Sumner and of pepsin, trypsin, chymo-trypsin and 
their precursors by Northrop has made available materials of unique 
value in chemical studies, including activation. These protein-enzymes 
are astonishingly homogeneous and are, of course, free from “‘accompany- 


ing’’ material which is always present in crude enzymes and may modify | 


their behavior. Intensive study of such products is particularly to be 
desired for an appreciation of the kinds of processes available to the 
organism for the control of enzyme activity.? 

Urease. An investigation of the properties of crystallized urease in 
relation to the control of action of this enzyme did, in fact, lead to the 
resolution of difficulties and to a clear-cut definition in chemical terms 
of several aspects of enzyme activation. The essential problem is re- 
vealed in an account of some of the older studies. Until recently 
studies of urease were made with more or less crude preparations derived 
from de-fatted soya or jack bean meal. The preparation of Van Slyke 


2 Trypsinogen is converted to trypsin autocatalytically (85); the process may 
involve a slight proteolysis of the precursor. The autocatalytic activation of 
trypsinogen (induced by an intial trace of trypsin) recalls ‘‘the propagation of 
bacteria or of filterable viruses.’’ The conversion of chymotrypsinogen to 
chymotrypsin, induced by trypsin, proceeds monomolecularly. Vexing questions 
concerned with trypsin inhibitors and the réle of enterokinase (63) apparently are 
yielding to the newer methods. Reversible inactivations of pepsin and of trypsin 


which are clearly dependent upon the protein nature of these enzymes have been 
described by Northrop. , 
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and Cullen (see 88) admirable as reagent catalyst in estimations of urea, 
contains impurities which mask certain properties of the enzyme itself. 

Urease, even in the crude mixtures, is more or less sensitive to the 
action of a number of salts; for example, those of silver, mercury and 
copper. The literature is summarized in general references (86) and in 
the papers by Jacoby (52), Kitagawa (57), Ruchelmann (97) and others. 
Inactivations by metal ions are often reversible with H.S. Iodine is 
injurious (in accordance with usual experience in enzyme work) and 
cysteine, thioglycollic acid (HS-CH2-COOH), pyrophosphate and KCN 
are reported to enhance activity. The response toward various reagents 
of the highly specific enzyme, urease, thus bears a formal resemblance 
to that outlined for papain and similar “intracellular” proteinases. 
In numerous studies there was not recognized the possible intervention 
of an ever present reagent, the oxygen of the air. For this and other 
reasons, the interpretation of observations especially with metal ions 
has been rendered difficult. Because of varying conditions under which 
observations were made the results of different authors often defy 
evaluation. 

Crystalline urease. The inhibition of activity by metal ions is accen- 
tuated in crystalline urease. This product must be brought into solu- 
tion with water, redistilled in glass, instead of ordinary distilled water 
because of traces of heavy metal impurity in the latter. Sumner and 
Myrbick (see 111) found that the purified enzyme is protected against 
the action of heavy metal ions by H.S, proteins, amino acids, phosphate 
buffer, and, in general, substances that combine with or adsorb such 
cations. A similar protective réle is displayed, also, by certain materials 
derived from the plant tissues which accompany urease in crude 
preparations. 

It was noted by Perlzweig (87) that a weakening of the nitroprusside 
test for thiol (-“SH) groups accompanies partial inactivation of crystal- 
line urease during aeration. Perlzweig suggested that association of 
urease with a sulfhydryl activator (possibly glutathione) would account 
for the reactivation by cyanide, hydrogen sulfide and other reagents of 
preparations “poisoned”’ by the addition of ions of heavy metals. On 
this basis the ‘‘poisoning’”’ would consist of the metal-ion catalysis of 
oxidation of the activator, regeneration of which might result from the 
reducing action of the cyanides or sulfides. However the work of 
Sumner and Poland (112) shows very definitely that although sulf- 
hydryl compounds such as glutathione may be present in jack bean meal, 
crystallized urease does not contain glutathione or other extractives 
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which respond to nitroprusside. Urease which has been repeatedly 
recrystallized and dialyzed possesses characteristic activity in the 
absence of supplementary thiol compounds. On the other hand, the 
protein-urease molecule itself contains a group, probably sulfhydryl, 
which gives a nitroprusside test. Moreover, constancy in degree of 
response to the test for thiol groups accompanies constancy of ureolytic 
activity when crystalline urease is recrystallized. The highly purified — 
preparation, essentially free of heavy metal contaminants, is little 
sensitive to the action of air. 

REVERSIBLE INACTIVATION OF CRYSTALLINE UREASE. Hellerman, 
Perkins and Clark (43) proposed that some of the phenomena associated 
with the effects of reagents upon papain, cathepsins, urease, etc., might 
be ascribed, not to changes in a supplementary activator, but more 
directly to the oxidation of and regeneration of the substituent sulf- 
hydryl groups of the enzyme itself. The enzyme would then be cata- 
lytically active in its reduced form, e.g., En-S-H, and reversibly inacti- 
vated by controlled oxidation to an inactive form, En-S-S-En. This 
working hypothesis was tested first with crystalline urease. 

On this basis, reversible inactivations might be accomplished not alone 
by oxidations but, in general, by reversible chemical actions upon thiol 
groups of the enzyme molecules; for example, by the use of salts or 
derivatives of metals that readily transform mercaptans (R-S-H) to 
mercaptides (R-S-Me). Examples of such reagents are silver-ion, 
mercuric salts, cuprous oxide (50) (89) and aryl- or alkylmercuric salts 
(98), or hydroxides (e.g., CSHsHgOH). The reaction involving cuprous 
oxide is illustrated by the equation 


2 R-S-H + Cu,0 2 R-S-Cu + 


Representing as Met, any effective univalent cation, one would write, 
more generally, 


R-S-H + Met = R-S-Me + Ht 


Similarly, there would result from the action of a substituted mercuric 
salt or hydroxide (R’HgX, where X = Cl or OH), a product of the 
type, R-S-Hg-R’. It is readily seen that pH control is a factor in such 
actions; also that partial or complete reversals would be accomplished 
by reagents that in one way or another remove or bind the effective 
metal ions (e.g., H2S, HCN, mercaptans, amino acids, proteins, etc.). 

This at once offers a partial explanation for the “protective’’ effect 
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of many substances, including the supposed co-enzyme action of ‘‘auxo”’ 
substances like amino acids or HCN (see 111). 

Potent preparations of crystalline urease in appropriate solutions 
were treated (43) with a series of organo-mercurials (129) of the type, 
RHgX, including phenylmercuric chloride or hydroxide, benzylmercuric 
chloride or chloromethylmercuric chloride (CICH:HgCl (42)). In all 
cases the ureolytic activity was rapidly wiped out. These effects were 
shown to be reversible. In each case studied, there was observed ex- 
tensive or complete recovery of enzyme activity after the addition to 
the inactivated urease solutions of such reagents as H2S, HCN or certain 
mercaptans. In later work (46) with papain it was found that similar 
inactivations by phenylmercuric hydroxide (or Ag*-ion) were reversed, 
in addition to the reagents stated, by bromide-ion, which alone did not 
significantly alter the activity. The bromide-ion could conceivably act 
by formatien of slightly soluble silver bromide or phenylmercuric 
bromide or “stable’’ complex ions (e.g., AgBr2~). Inactivation by 
cuprous oxide, and reactivations from the action of this reagent were 
also found to be very characteristic. The possibility of inactivations by 
adsorption of the enzyme upon the surfaces of slightly soluble metal 
compounds used was apparently excluded in these experiments. It is 
important to note that symmetrically substituted mercury compounds 
such as bis-iodomethyl mercury (ICH2-Hg-CHg2I) or dibenzyl mercury, 
which cannot directly convert mercaptans to substituted mercaptides, 
were found incompetent to inactivate urease. 

Consonant with these observations were the characteristics of in- 
activation by oxidizing agents and reactivation by reducing agents. 
Representative thiol compounds are known to display marked differ- 
ences in their sensitiveness toward attack by oxygen. These are essen- 
tially differences in reaction rates. In general also, the presence of 
certain heavy metal-ion impurities markedly affects the rate of oxida- 
tion (for references, see 32). Highly purified cysteine is but slowly 
attacked by oxygen, while this substance and other thiol compounds 
are rapidly oxidized in the presence of ions of iron and especially copper. 
Hellerman, Perkins and Clark found that several hours’ vigorous aera- 
tion of solutions of crystalline urease (or treatment of the enzyme with 
hydrogen peroxide) reduced the activity only slightly (about 10 per cent). 
The slight activity loss was readily restored with HCN or H.S. Onthe 
other hand, in the presence of small, specified amounts of cupric-ion and 
under controlled conditions, the ureolytic activity was abolished by 
aerationfor } hour. Restoration could be accomplished in large meas- 
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ure by the addition to solutions of inactivated urease of such reagents as 
thioglycollate-ion, cysteine (not cystine), neutralized, reduced gluta- 
thione, H2S or HCN. Aeration in the presence of Cutt+-ion for longer 
periods resulted in the irreversible inactivation of urease. The effect 
of ions of iron was much less pronounced than of copper. Although 
the effect of Cu+* was plausibly attributed to catalysis of the enzyme’s 
oxidation, the possibility of a more specific action of the metal ion (e.g., 
formation of a cupric or, by reduction, a cuprous complex) was not ex- 
cluded. However, the ions, Cot+*+, Nit+ and Mnt* do not greatly 
affect the ureolytic activity of crude urease (100), and this has also been 
found (46) to be true for crystalline urease. 

Sulfhydryl compounds may also be oxidized smoothly to their dithio 
derivatives by iodine. Iodometric estimation of such compounds is a 
standard procedure. The inactivation of urease by iodine under condi- 
tions so controlled that extensive reversals might be obtained by suit- 
able subsequent reduction would be peculiarly suggestive. Such 
changes were in fact observed with solutions of crystalline urease, the 
conditions being so arranged that the observations were satisfactorily 
reproducible. 

Irreversible inactivations with iodine were, of course, readily obtained. 
While suitably controlled oxidation of a mercaptan, R-S-H, by iodine, 
oxygen, or ferricyanide may be expected to yield the corresponding 
dithio derivative, R-S-S-R, from which, in turn, the mercaptan is re- 
covered by appropriate reduction, more drastic changes are readily 
effected. For example, the oxidation of sulfur atoms to a stage beyond 
the dithio configuration would, in the present sense, be essentially 
irreversible. In the case of urease iodine might also substitute upon 
various groupings of the protein molecule. Such actions would be 
reversible to a certain extent, but this aspect need not be elaborated here. 

REVERSIBLE INACTIVATION OF PAPAIN. EFFECTS OF OXIDATION- 
REDUCTION AND OF METAL COMPOUNDS. The plant proteinases, desig- 
nated papains, are apparently enzyme mixtures. There is present in 
papain of the pawpaw, for example, the familiar cyanide-activatable 
catalyst which accelerates splitting of gelatin, fibrin, etc. (and, when 
activated, peptones and protamines (?) (2)), and, in addition, peptidases 
which act upon lower split-products. These peptidases seem to be 
inhibited by HCN (2); this will be discussed later. Here we shall use 
“papain” in its customary sense, viz., the cyanide-activatable protein- 
ase. It is stated (2) (118) that the degree of activity of papain or bro- 
melin in the fruit of the pawpaw or pineapple, respectively, varies with 


i 
; . 
| 
|, 
} 


462 LESLIE HELLERMAN 


the stage of maturity of the fruit, bromelin in ripe pineapple, for in- 
stance, being fully active. Commercial papain (36), freshly prepared, 
has strong proteolytic activity which may, however, be doubled or even 
tripled by the action of certain ‘‘activators.’”’ Such material, standing 
at room temperature, gradually becomes less active; more or less con- 
comitantly it loses the property of becoming activated. This is evi- 
dently irreversible inactivation, suggesting a slow spontaneous denatura- 
tion, and possibly attack by atmospheric oxygen. 

In these observations together with those outlined earlier there is 
disclosed a certain parallelism in the effects of various reagents upon 
the activity of papain and of urease. Only shortly after the communi- 
cation upon urease by Hellerman, Perkins and Clark, there appeared a 
paper by Bersin and Logemann (9), who found that alcohol-precipi- 
tated (131) papain was activated by several sulfhydryl compounds and 
inactivated by oxidizing agents such as hydrogen peroxide, selenite-ion 
(SeO;—), benzoquinone, or iodine. From solutions of commercial pa- 
pain, treated with hydrogen peroxide at 40°, inactivated enzyme was 
recovered by alcohol precipitation; such material was readily activated 
in the presence of glutathione, sulfites, succinate with muscle dehy- 
drase, etc. Bersin and Logemann adopted the working hypothesis that 
papain, active in a reduced state, may be reversibly oxidized through 
some oxidizable grouping of the enzyme molecule. Maschmann and 
Helmert (70) had also made observations which pointed in this direc- 
tion. They suggested, further, that the activation of cathepsins and 
papain by HCN might be related to the reduction to thiol of dithio 
linkages in the protein-enzyme molecules. Bersin accepted this view 
(7) and reinterpreted his findings in terms of thiol chemistry. 

Meanwhile Hellerman and Perkins (44) had been studying the effects 
of oxidation-reduction and, in addition, of metallic compounds upon 
papain, with emphasis upon those reversible processes which had proved 
pertinent to the investigation of reversible inactivations of crystalline 
urease (48). Caution in the interpretation of the results on a sulfhydryl 
basis seemed advisable because papain, unlike urease, had not been 
crystallized. Furthermore, preparations which had been partially 
freed from impurities, for example, by being precipitated from an 
aqueous solution with ethanol, collected, exhaustively washed with 
ethanol and dried, were active proteolytically and satisfactorily stable, 
but responded very weakly to the nitroprusside test for thiol groups. 
Such groups, however, may have been more or less “‘masked” (80) with 
respect to the action of certain reagents. Fortunately, papain under 
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suitable conditions was found to yield exceptionally definite responses 
to the action of numerous reagents. The characteristics of inactivation 
by oxidation, and of reactivation by a number of reducing agents again 
strongly suggested that one mode of control of the proteolytic activity 
of papain resides in the reversible oxidation of the enzyme, as if the 
latter, when active, were ‘‘a reduced molecule, En-SH, capable of being 
reversibly inactivated by controlled oxidation to an inactive dithio 
form, En-S-S-En” (44). As applied to enzymes of the papain type 
(or urease) this was schematically represented, as follows. - 


(oxidation) 

2En—SH = = En—S—S—En +4 2(H) 
(reduction) 

(Active) (Inactive) 


In addition to its interesting oxidation-reduction chemistry, papain, 
like urease, was found extremely sensitive to the action of various 
mercaptide-forming reagents (e.g., CeH;CH»sHgCl, CsHs;sHgOH, Cu,0). 
Substances that promote the hydrolysis or decomposition of mercap- 
tides effected reactivations. A critical evaluation would weigh with 
the assumption of mercaptide-formation the general reactivity (129) 
of the inactivating metallic derivatives toward acids and certain nitro- 
gen-containing groupings; however, the assumption of an almost 
specific reactivity (under the conditions) of such a compound as benzyl- 
mercuric chloride for the supposedly substituent thiol groups seems to 
accord best with all of the evidence in hand. It is of interest, in this 
connection, that phenylmercuric hydroxide, applied under similar 
conditions, does not significantly alter the activity of prothrombin or 
thrombin (48), insulin (101), or arginase (45). 

Details of the application of oxidizing and other reagents and the 
interpretations of individual observations need not be repeated here. 
It may be emphasized that reproducible and significant results in this 
field rest upon adequate and often elaborate controls and, in addition, 
regard for a number of factors, the importance of which is not always 
apparent at the first approach. For example, the necessity for control 
of the temperature and the hydrogen-ion concentration in studies of 
enzymic catalysis is universally recognized; in addition, the effects of 
these variables upon the mode and rate of reaction of an added reagent 
(e.g., ferricyanide) with the enzyme or substrate may require considera- 
tion. Again, there is required due regard for general and specific salt 
effects; e.g., the possibility of interaction between a buffer salt and an 
added reagent. Moreover, the interpretation of results and comparison 
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with the findings of other workers must take account of the origin and 
methods of preparation or purification of enzymes and, so far as pos- 
sible, of extraneous materials that may be present. The reviewer 
is convinced that a reasonable resolution of seemingly conflicting ob- 
servations is often possible. 

General experience with papain suggests that commercial prepara- 
tions and those prepared by alcohol precipitation often contain the 
enzyme partially in its active state (supposedly ‘‘En-S-H’’) and partially 
as the form (En-S-S-En) from which activity is elicited by suitable 
reduction.* An important factor is seen in the probability of specific 
differences in the mode of chemical attack of effective reducing agents 
as well as of variations in relative rates of reaction. Papain, reversibly 
inactivated, is remarkably stable in the presence of the substrate, 
gelatin. Of broader interest is that the activating effects of several 
reagents suggest ‘a stoichiometric relationship in their action upon 
papain (44). 

As a general summary, there is appended a table which lists some of 
the reagents the use of which under appropriate conditions results in 
the reversible inactivation of papain and in addition those that. effect 
reactivations of the resulting inactive material a, when the inactivations 
have been caused by oxidizing agents, and b, when they have been 
brought about by ‘“mercaptide-forming” substances related to or 
derived from metals. 

LIMITATIONS AND SIGNIFICANCE OF THE SULFHYDRYL PICTURE. ‘The 
conception that reversible chemical actions upon thiol groups of certain 
enzymes may largely account for their reversible inactivations, not 
only has its uses in the evaluation of published data, but seems, further, 
to provide a rational basis for an important mode of control, by oxida- 
tion and reduction, of the kinetics of several hydrolytic and other 
processes, in vivo as well as in vitro. ‘This picture, evidently, is not 
universally applicable. There is no present reason to anticipate its 
application to pepsin or to pancreatic trypsin. The over-all transforma- 
tion of trypsinogens to trypsins seems to consist of an irreversible process 


’This suggestion and the general discussion may require interpretative criticism 
in the light of Mirsky and Anson’s work (80) on reversible denaturation of proteins 
containing —S—S— and —SH groupings. This does not in the least impair the 
utility of the ‘‘sulphydryl theory’’ as a working hypothesis, the validity of which 
rests upon a considerable body of cumulative evidence with several enzymes 
(differing markedly in their specificities), in particular the homogeneous protein- 
enzyme, crystalline urease. 
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involving a special chemistry (85). This may be true, also, for pro- 
thrombin-thrombin. Reversible oxido-reduction is thought to be 
the essence of function of indophenol-oxidase, and not necessarily of 


Inactivation and reactivation of papain 


Oxidants that inactivate reversibly Substances that reactivate after inac- 
tivations by oxidizing agents* 
Oxygen (aeration in presence of Cut+*+ | Reduced glutathione 


or Fet*) Cysteine (not cystine) 
Iodine Thioglycollate, thiosalicylate, etc. 
Quinone Titanous-ion 
Hydrogen peroxide Hydrogen cyanide 
Ferricyanide-ion Hydrogen sulphide 
Succinate plus muscle extract (de- 
hydrase) after H,O, 


‘Ascorbic acid plus ferrous-ion 
[Not bromide-ion (see below)]+ 


Metal derivatives that inactivate Substances that reactivate after inac- 
reversibly tivation by metal derivatives 

Phenylmercuric hydroxide (and certain | Hydrogen cyanide 

of its salts) Hydrogen sulphide 
Benzylmercuric chloride Reduced glutathione, cysteine, certain 
Chloromethylmercuric chloride, etc. thiol acids 
Cuprous oxide \ Bromide-iont (after silver-ion or 
Silver-ion; mercuric chloride; cupric- CsH;HgOH (46)) 

ion (?); ete. {Not Ti*** (after C.H;HgOH; see 
(Not bis-substituted mercury com- above)]t 

pounds) 


* Mothes states that papain may be activated by catalysed hydrogenation (81). 

+ See text under ‘‘urease.’’ Bromide-ion would not be expected, under the 
conditions used, to function as a reducing agent, and as such to reactivate 
after suppression by oxidants. 

t Titanous-ion, a potent reducer, reactivates (in citrate buffers) after oxidative 
inactivation; it also activates papain, prepared according to standard procedures, 
presumably by reduction of the ‘“‘dithio-papain’’ present. It would not be 
expected to restore that portion of the activity that has been wiped out by the 
action, e.g., of phenylmercuric chloride. In contrast, HS, HCN and thiol 
compounds not only possess the reductive property, but can, in addition, suppress 
metal-ion effects essentially through salt-formation. 


its activation. The hydrolytic enzyme, arginase (irrespective of the 
methods of its control in the cell) is not readily activated in vitro 
by reduction, in the more usual sense. Its reversible activation by 
another process will be discussed. 
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Two aspects of the sulfhydryl picture seem especially significant. 
The one involves virtually an extension of the factors governing en- 
zymatic catalysis, as this is observed in the laboratory. ‘To the con- 
trol of activity through regulation of temperature, pH, more or less 
general salt effects, etc., is now added, in certain well-defined cases, 
reversible inactivation and activation by oxidation-reduction (for 
instance, regulation of the enzyme’s oxidation-reduction state). In 
addition we have the specific ion effects that are beginning to be better 
understood. This extension of factors is implicit in the experimental 
structure and theoretical statement of the subject.‘ 

Less definitive is the second, and more vital significance, namely, the 
possibility of existence of an oxidative-reductive mode of control of 
certain hydrolytic (and, perhaps, other) processes in the living cell. 
(Compare (81) (121) (134).) 

Cerebrosidase. Suggestive for in vivo significance are the recent 
demonstrations of applicability to a number of widely differing fields 
denoting a more far reaching biochemical importance than was at 
first contemplated. To the cases of urease and certain intracellular 
proteolytic enzymes of plant and animal origin may now be added 
cerebrosidase, representing another type of hydrolytic enzyme which 
possesses properties apparently fitting the thiol-dithio hypothesis. 
Thannhauser and Reichel find (115) that cerebrosidase, which is in an 
inactive state when prepared as an enzyme extract, is efficiently acti- 
vated by HS, cysteine, l-ascorbic acid, or reduced glutathione. Re- 
versible inactivation by oxidation was not demonstrated, but this may 
tentatively be inferred from the clear-cut nature of the results. Of 
unusual interest is the additional observation made by Thannhauser 
and Reichel that those sulfhydryl compounds (e.g., cysteine) that 
activate cerebrosidase markedly suppress the activity of polyamino- 
phosphatidase.’ The suggestion is advanced that there may exist a 
reciprocal relationship in the nerve cells with respect to the reversible 
activation and inactivation of cerebrosidase and the phosphatidase 
(Cerebrosides and “polyaminophosphatides” or sphingomyelins occur 
together in such tissue.) It might well be imagined that control of 
the oxidation-reduction state of cerebrosidase, cathepsin, etc., or of 


‘ The matter seems already to have assumed technical importance, for example 
in baking (53) and in papain assays (114). 

5 An interpretation of such suppression of activity, whether reductive inactiva- 
tion or, more likely, some addition reaction (e.g., combination of reduced gluta- 
thione with the sphingomyelinase), efc., must await further experimentation. 
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substances like glutathione which in their reduced state are supposed to 
inactivate the phosphatidase when cerebrosidase is concomitantly acti- 
vated (presumably by reduction) is vested in the control of the level 
of oxidation-reduction intensity (see 18) of the cell or pertinent structure 
thereof. It is worthy of note that Thannhauser and Reichel find in 
their results a hint regarding the pathogenesis of Gaucher’s disease, 
Niemann-Pick’s disease and of the amaurotic idiocy. 

Relationship in the regulation of papain and papain-peptidase. The 
reciprocal relationship referred to in the preceding section is remindful 
of certain observations (2) upon papain and the peptidase (hereafter 
designated papain-peptidase) which accompanies papain in crude 
papaya latex. The characteristics of these enzymes have recently 
been the object of renewed study by Bergmann and his co-workers, who, 
by virtue of their elegant method of polypeptide synthesis (5) were 
provided with a large variety of substances upon which to test the 
specificity of the peptidase. It appears that there are actually present 
in each preparation of the papain type (e.g., papain, bromelin, animal 
cathepsin) which has been studied at least two catalytic activities, viz., 
the cyanide-activatable proteinase (which “‘splits” gelatin, fibrin, etc.) 
and peptidase which can act upon such synthetic substrates as carbo- 
benzoxytriglycyl-l-leucyl-glycine or hippuryl amide. The proteinase 
(called ‘‘papain” in this review) and peptidase (“papain-peptidase’’) 
are designated by Bergmann et al. as papain peptidase II and papain 
peptidase I, respectively. It is obvious that the investigations by 
Bersin and by the reviewer were concerned chiefly with the reversible 
inactivation of papain (Bergmann’s peptidase II) and not with papain- 
peptidase. The work of Bergmann et al. has revealed interesting and 
important peculiarities in the specificity of papain-peptidase as com- 
pared with carboxy- and amino-polypeptidases previously studied. 
Their results upon activation do not contradict in any way the observa- 
tions of previous investigators upon the regulation of papain (protein- 
ase) activity by oxidation-reduction, but they do seem to the reviewer 
to indicate clearly that certain reagents which can activate papain are 
also effective inhibitors of papain-peptidase. Chiefly on the basis of 
observations of the effect of phenylhydrazine upon these enzyme ac- 
tions, Bergmann suggests that papain and papain peptidase mutually 
inactivate each other: by combining (reversibly) to form an addition 
compound; further, that the peptidase may contain an aldehyde group- 
ing, through the medium of which HCN, H.S, sulfhydryl compounds, 
and particularly phenylhydrazine cause dissociation of the proteinase- 
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peptidase complex, freeing and hence activating proteinase papain. 
Unfortunately, however, the action of phenylhydrazine is not neces- 
sarily a specific one; thus it binds carbonyl compounds and can func- 
tion also as a reducing agent or as an oxidizing agent, depending upon 
the conditions. As a derivative of hydrazine it enters into complex 
formation with certain ions or other metallic derivatives; such a com- 
bination might be reversed by the action of other substances (e.g., 
benzaldehyde) that react with phenylhydrazine. Hydroxylamine was 
found to inactivate both papain and papain-peptidase. Pyridine 
caused inactivation of neither under the conditions. Such considera- 
tions illustrate the difficulty of interpretation of much of the activation 
work. Complications are introduced also by the use of different 
preparations of papaya latex containing various enzymes and accom- 
panying substances. On the basis of all of the evidence now available 
a conservative appraisal would reject any ad hoc interpretation of the 
activation of papain-peptidase pending further investigation of the 
chemical nature of its reversible activation. In the control of activity 
of proteinase and of peptidase there may well exist a reciprocal rela- 
tionship, as suggested by Bergmann; the characteristics will probably 
be decided by further experimentation. The occurrence of several 
related catalytic activities controlled by differing and _ reciprocal 
mechanisms would be of much interest for the codrdinations of cellular 
function. Although cyanide, inter alia, might to some extent activate 
either enzyme (in crude mixtures), whether by removal of heavy metal 
inactivants or by reduction, it is altogether likely that such a reagent 
would elicit a different response in a purified papain-peptidase (cf. 
Arginase). 

Hemolysins; lysozyme. Neill showed (83) that pneumococcal hemoly- 
sin which has been inactivated by air or by HeO, may be reactivated by 
the use of reducing conditions. This phenomenon bears a marked 
resemblance to the activation picture for urease and papain; Shwach- 
man, Hellerman and Cohen undertook (107) a study of the effects of 
oxidation and reduction as well as of mercaptide-forming metallic 
compounds upon this lysin and were able to demonstrate a remarkable 
parallelism in the regulation of activity of the lysin and of the hydrolytic 
enzymes named. The lysin is active when reduced, and may be re- 
versibly inactivated by operations that, under suitable conditions, are 
known to convert sulfhydryl compounds to the corresponding dithio 
derivatives or to mercaptides. Cohen and Shwachman (i9) have 
examined the relationship of these observations with other mechanisms 
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of inactivation, notably that which involves the use of certain sterols. 
They find also that the reversible inactivation of hemolysin by the oxi- 
dants of a series of dye systems occurs only when the E,’ (at pH 7.6) 
of the dye system is more positive than —0.07 volt. These data indi- 
cate the zones of oxidation-reduction intensity in which the lysin dis- 
plays activity, and, in addition, may aid in establishing an apparent 
level of reduction intensity characteristic of the hemolysin. The latter 
was obtained from pneumococci, type II, but the phenomena are not 
restricted to this particular hemolysin. 

Meyer, Thompson, Palmer and Kharazo (75) tested lysozyme (29) 
of egg white with similar methods and concluded that the lysozyme 
also is a sulfhydryl-containing entity which is active only in the reduced 
state. They indicate the similarity in their results with those of 
Shwachman, Hellerman and Cohen and suggest a possible réle of 
peroxides in certain bacteria as a defense against lytic substances. 

Little is known regarding the nature of the linkages attacked by these 
lytic agents. Striking, however, is the analogy in the effects of oxida- 
tion-reduction and metallic derivatives upon these biological catalysts 
on the one hand and upon hydrolytic enzymes (urease, papain) possess- 
ing well-defined specificities, on the other. 

Related problems in various other fields. That oxidative-reductive 
control may be a factor in glycolytic mechanisms was indicated by the 
work of Quastel and Wheatley (94) and of Lipmann (67). This would 
hold much of interest for the interpretation of diminished glycolysis 
in the Pasteur effect (see 49). Whether a “sulfhydryl-enzyme’’ is in- 
volved is a question for further critical inquiry in a very difficult field. 
Reference may be made here to studies (68) (54) (133) of the rdle of 
reduced glutathione in the enzymatic dismutation of methylglyoxal 
(to lactate), the position of which in glycolysis (or general carbohydrate 
metabolism) remains uncertain. The enzyme-catalyzed process is 
thought to involve an initial specific addition of this thiol compound 
to a carbonyl group of the substrate. Such hemi-mercaptal formation 
is receiving close study (103). 

It was shown by Goddard and Michaelis (35) that the correlations 
of enzymatic hydrolysis and oxidation-reduction may directly concern 
substrate as well as enzyme. In the presence of proteolytic enzymes 
the hydrolytically-resistant keratins are readily attacked after there 
has been effected a suitable preliminary reduction, presumably of 
dithio groupings substituent in the keratin molecules. Linderstrém- 
Lang and Duspiva observed (66) that there exists in the digestive 
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tract of the clothes-moth larva a suitable level of oxido-reductive 
intensity for this process. Wool keratin is thus reduced, antecedent 
to the digestive action (at pH 9.3) of a potent proteinase which itself 
is ‘‘stable” under the rather extreme conditions. 

Studies of the effects of reducing agents upon several endocrine 
principles have .to the present yielded little of interest for reversible 
inactivation. It was shown by du Vigneaud (119) that the hypogly- 
cemic effect of insulin is abolished by the action of sulfhydryl com- 
pounds upon the hormone. The effect is essentially irreversible (com- 
pare 31); it has a bearing nevertheless upon the structure of insulin 
molecules and may become more directly of physiological moment. 
None of the sulfur of protein-insulin seems to be in the sulfhydryl 
state. Apparently, those thiol compounds (101) which activate 
urease and papain, presumably by reduction of dithio linkages in the 
reversibly inactivated enzyme molecules, are also able to inactivate 
insulin. Conversely, thiolglyoxalines (e.g., ergothioneine) which do 
not readily activate papain are incapable of inactivating insulin. 

Gulland and Randall have studied the action upon the posterior 
pituitary’s oxytocic principle of certain reducing agents, including the 
reductants of various oxidation-reduction indicator dyes, and believe 
their results have disclosed a relationship between the activity of the 
endocrine and its oxidation-reduction state (39). They do not, how- 
ever, feel justified in suggesting definitely that a disulfide linkage is 
present in their active (and supposedly oxidized) material. Sealock 
and du Vigneaud’s recent investigation (106) involved a different ap- 
proach which led them to conclude that pitocin may be reduced by 
cysteine without substantial impairment of its activity, and, indeed, 
that substituent sulfhydryl groups or ‘“‘potential’’ sulfhydryl groups 
(i.e., -S-S-) are essential to the hormone’s activity. It would appear 
that the validity of the differing interpretations must rest upon studies 
with highly specific methods and possibly the availability of the pure 
hormone. 

Critique of methods and deductions. ‘The observations with oxidizing, 
reducing, and certain other reagents have been treated above in terms 
of a tentative but highly plausible hypothesis. This assumes that the 
effects may be attributable largely to reversible chemical actions upon 
thiol groups which may be considered to be integral substituents of 
the molecules of the specified enzymes. It is not surprising, therefore, 
that the correlation of oxidation-reduction with bio-catalytic activity 
in the cases reviewed has had to be presented in very specific terms with 
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little reference to the oxidation-reduction potentials of the systems in- 
volved. It was emphasized by Hellerman and Perkins (44) that 
systems indisputably of the sulfhydryl-dithio type, although in a 
broad sense oxidation-reduction systems, have not yet been shown 
experimentally to come into equilibrium rapidly with such strictly re- 
versible systems as those concerned with certain of the dyes or quinones 
(16). With quinonoid substances mercaptans may, of course, form 
addition compounds (see 33) and this is suggestive for observations 
that the depressant action of p-benzoquinone upon papain is partially 
irreversible and upon crystalline urease (in solution) completely so (44) 
(92). Addition reactions may have complicated attempts to evaluate 
the potentials of mercaptan-dithio systems by the use of the indicator 
method (32). Worse, these systems have usually defied evaluation of 
their free energies by the potentiometric method, partly because of 
technical difficulties with the electrodes. These difficulties seem to be 
related to the characteristic ‘‘affinity”’ of the reductants for heavy metal 
derivatives.6 The obstacles to success (not necessarily insurmountable) 
are reflected in recent articles upon the subject. (For references, 
see (11, 32).) 

The apparent sluggishness of mercaptan-dithio systems interposes 
no compelling objection to the conception that their oxidation-reduc- 
tion state (and a correlated regulation of the activity of certain enzymes) 
may be under the control of the oxidation-reduction intensity level in 
vivo. It is readily conceivable that cellular dehydrases may aid in 
bringing such systems into the continuum (15). The reactivation of 
papain’ by succinate and dehydrase is suggestive. A by-product of 
the researches reviewed in this paper is an almost conclusive demon- 
stration of the non-specificity of glutathione in the activation of speci- 
fied hydrolytic enzymes in vitro. A discussion of the specific réle of 
this important system in the living cell, although highly tempting, is 
outside the scope of this review. 

It becomes of interest to examine further the validity of some of 
the more specific methods employed in the enzyme researches. Thus, 
may a mercaptan, R-S-H, (e.g., cysteine) be regarded as a potential 
reducing agent for a related dithio compound, R’-S-S-R’ (e.g., a protein 


6 It may be that the oxidant in the first step of oxidation of R—S—H to R—S— 
S—R is a reactive free radicle, R—S— which undergoes a rapid (and under the 
conditions irreversible) dimerization to R—S—S—R. 


7 Reiss (96) has attempted to measure oxidation-reduction potentials of the 
‘papain system.” 
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with dithio groups)? This may be answered in the affirmative (cf. 8) 
with the qualification that the reaction should be regarded as essentially 
reversible; thus 


R’-S-S-R’ + 2RSH = 2R’SH + R-S-S-R 


Of obvious importance are the relative concentrations of the components 
and the conditions of reaction. Du Vigneaud’s application of this 
reaction to the irreversible inactivation of insulin has been cited. If 
the subsequent oxidation of protein sulfhydryl groups produced in the 
process reconstitute dithio linkages, the latter might be elaborated in 
a pattern unlike that in the original ‘‘active” protein molecules. (Cf. 
132.) A similar effect with urease, papain, cerebrosidase, etc., mani- 
festly would be of less moment since these are active in the reduced 
state. 

Other devices for effecting the reduction of recognized dithio com- 
pounds involve the use of sulfides and H.S, cyanides and HCN (73), 
sulfite-ion, thiosulfate-ion, suitable treatment with metals, catalyzed 
hydrogenation, etc. Some of these need further careful study. A 
critical investigation and evaluation of the sulfite reaction is found in 
the work of Clarke (17). Most of these reagents have been applied 
to the enzyme studies. 

Interesting variations in the use of reducing agents have been applied 
by different workers. Maschmann and Helmert (71) (compare (44)) 
found that papain is activated by l-ascorbic acid, provided that ferrous 
iron is also present in the reaction mixtures. Otherwise the effect is 
depressant. Such results are not inconsistent with the versatile re- 
activity of the vitamine (compare Hanes (41)). Liver cathepsin is 
also activated (26). That ascorbic acid may function as the reductant 
of a strictly reversible oxidation-reduction system (11) (4) now seems 
clear; however, its special characteristics as a reducing agent are con- 
ditioned to some extent by other substances also present in reaction 
mixtures. Purr (90) believes that the activation of papain by l-ascorbic 
acid plus ferrous ion involves the preliminary reduction of contaminat- 
ing dithio compounds, which, in turn, reduce and activate the enzyme. 

Primarily because of apparent discrepancies encountered in their 
studies of papain when the substrates and buffer salts are varied, 
Maschmann and Helmert (72) disagree with a hypothesis which holds 
that catalytic activity may be regulated through an enzyme’s sulfhy- 
dryl groups. Difficulties of this character will not be finally resolved 
until all of the enzymes studied (and even the substrates) are procur- 
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able in highly purified condition substantially free of the accompanying 
substances present in crude preparations.’ Any possible réle of the 
latter materials (which would not necessarily coincide with their rdéle 
or that of their precursors in vivo) could be ascertained preferably after 
their identification. The possibility of interaction of reducing agents, 
etc., with extraneous substances has been indicated (compare 93). 
The presence of impurities in buffers (e.g., glyoxylic acid as a contami- 
nant in acetate), or an altered reactivity of enzyme-protein molecules as 
a whole when buffers are varied, may have relevance (compare also 
80). 

Discrepancies may be more apparent than real. For example, the 
failure of ferricyanide-ion or phenol-indophenol to effect inactivation 
of urease (44) (28) or of indophenols to inactivate papain is hardly 
attributable to an insufficiently “positive” oxidation-reduction level of 
the systems related to these oxidants. The responses of such enzymes 
toward reagents are conspicuously dependent upon reaction rates and 
the conditions which modify rates. For example, at lower tempera- 
tures, ferricyanides inactivate hemolysin negligibly slowly; at 37° in- 
activation is more rapid and complete, but is nevertheless reversed by 
reduction. A most instructive example is found in the work of Smythe 
(109). Iodoacetic acid has been considered a valuable and almost 
specific reagent for its irreversible action upon sulfhydryl groups of 
certain biologically interesting compounds. From the work of Dickens 
(20), Michaelis and Schubert (78), and Rapkine (95) it is seen that its 


action with mercaptans is one of simple alkylation (RSH + ICH,COOH 
—HIR.S.CH,COOH). Under certain conditions this alkylation of thiol 


groups is more rapid than of amino groups which, however, are also 
more or less readily subject to attack. Hellerman, Perkins and Clark 
observed (43) that iodoacetate ion did not, under the conditions used, 
cause inactivation of crystalline urease but, mindful of the rate factor, 
did not feel that this necessarily contradicted their other evidence. 
Smythe now reports great variations in the rate of interaction of iodo- 
acetate and even simple alkyl mercaptans. The rate of combination 
of certain proteins is correlated with the disappearance of -SH groups; 
crystalline urease happens to react slowly with iodoacetate and more 


8 In a paper presented before the American Chemical Society at its September, 
1936, meeting, A. Walti described the crystallization of ficin, a proteolytic enzyme, 
possessing anthelminthic properties; he identified the crystalline enzyme as a 
proteinase of the papain type which, in the absence of supplementary specific 
‘“‘activators,’’ displayed activation characteristics well established for papains. 
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rapidly with the related compound, iodoacetamide. Other interesting 
observations include the finding that the activity of urease is abolished 
after only a fraction of the protein-enzyme’s -SH groups have been 
combined. 

It will be recalled that crystalline urease as a whole can combine with 
ten times the minimum quantity of silver-ion required for its inactiva- 
tion (111). The reagents employed in this field usually possess a more 
or less versatile chemistry and rarely are strictly specific in their actions 
upon any one grouping in a protein molecule. 

Bergmann and Ross caution (6), ‘‘there are groups, other than those 
of the -SH = -S-S- system, having a decisive influence on the activity 
of the papain constituents.” The reviewer is not unmindful of the 
fascinating complexities of enzyme action. Interpretations are inevi- 
tably vulnerable to the advances of controlled experimentation. Work- 
ers now seem convinced of the advantages of proceeding in this field 
on the basis of rational chemical concepts; also, that this approach, 
where applicable, is much to be preferred to a mere assembly of empiri- 
cal observations. (Such an assembly may, of course, have served the 
indispensable function of furnishing suggestions.) An incomplete in- 
terpretation can be amplified; an erroneous one discarded. 

ARGINASE. Recent studies of the activation of arginase disclose the 
existence ‘of another important mechanism underlying the regulation 
of the kinetics of hydrolytic enzymic processes. This concerns the 
probable réle of dissociable metal-coérdinated complexes (45). A useful 
historical and descriptive survey of arginase has recently been con- 
tributed by Baldwin (3). In an important paper, Krebs (61) has 
furnished a new conception of the function of d-arginine and of arginase 
in the conversion of ammonia to urea in the animal organism. Krebs’ 
postulated synthesis of arginine from ornithine and the ammonia and 
carbonate systems has not been demonstrated in the absence of surviv- 
ing organized tissue. The transformations are doubtless “coupled” 
with other processes. So-called desmo-enzymes (see (123) (1)) inca- 
pable of transfer to lyo-forms may in part be concerned. The enzyme 
which accelerates hydrolysis of d-arginine to ornithine and urea is 
easily extractable in a more or less impure state. Efforts to purify 
this highly specific enzyme, arginase, have not met conspicuous success. 

Earlier studies of the chemical activation of arginase seemed to 
indicate that organic thiol compounds were activators (99) ; glutathione 
was considered to be an essential, specific coferment (125). This idea 
was abandoned (21) when the effects were found to be variable and it 
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was determined, in addition, that ferrous ion is a more characteristic 
activator. The action of the metal ion was especially dependable when 
there was used, in addition, an organic thiol compound or one of a 
number of substances such as alloxan (91). It has been held that 
activators are reducing substances which protect the enzyme against 
inhibition by oxygen (for references, see 3,45). Attempts to elucidate 
the observations of activation in terms of a reversible oxidation-reduc- 
tion process (123) have met little success. 

The responses of arginase to the action of various reagents are strongly 
dependent upon the nature of extraneous and other materials present. 
Klein and Ziese state, for instance, (58) (cf. 23) that crude preparations 
are activated by thiol compounds and other reducing agents and in- 
hibited by oxygen, while “purified” material is not sensitive to oxygen 
and is inhibited by cysteine, etc. In such circumstances it is not sur- 
prising that the results of different workers, with an enzyme possessing 
marked instability under most conditions used, present many contradic- 
tions. These considerations taken with the results of some recent 
studies (45) (47) upon the nature of the arginine-arginase reaction cast 
doubt upon the advisability of assuming too generally “that prepara- 
tions in the form of a Bret probably give us a fairly reliable picture of 
the actual arginase content of any particular tissue” (3). 

With a relatively potent liver-arginase, of a high degree of specificity, 
Hellerman and Perkins (45) found that arginase action neither was 
significantly altered by mercaptide-forming organomercurials (e.g., 
(CsH;HgOH) nor was enhanced by bisulfites or by such potent reducing 
agents as organic thiol compounds (e.g., cysteine or reduced gluta- 
thione), cyanides, or hydrogen sulfide. These reagents are effective 
papain activators. Actually the arginase catalysis (at pH 7.4) was 
inhibited by hydrogen cyanide and drastically suppressed by hydrogen 
sulfide. Similar inhibitions had been observed by Edlbacher. The 
activity was readily abolished by the action of hydrogen ion (see (51)) 
ferric or chromic (46) ion, or by quinone, iodine, etc. 

Activation by metal ions. The activating effect of ferrous ion has 

been emphasized by several authors. The action of the metal ion is 
assisted by various organic substances, the réle of which was interpreted 
(91) in terms of a correlation of apparent oxidation-reduction properties 
of iron complexes of these materials and the modification of enzyme 
activity. However, potent reducing agents fail to activate arginase, 
and it seemed to Hellerman and Perkins (45) that the effect might be 
related to some other attribute of the ferrous ion, specifically the prop- 
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erty of codrdination (128) (64) (108) with suitable molecules, possibly 
the enzyme and substrate molecules, themselves. This conception in- 
volving no unique property of ferrous ion prompted experimentation 
with a variety of ions; this disclosed that the reduced ions of certain 
other transition elements also effected pronounced activation. Such 
ions are cobaltous, nickelous, and manganous (compare (59) (24)). Of 
unusual interest are the subsequent observations that these metal ions 
accomplish restoration of activity after the enzyme has been treated with 
inhibiting oxidants; also that cobaltous ion effects the complete restora- 
tion of arginase activity after the enzymic activity has been suppressed 
by hydrogen sulfide and the excess of the latter removed. 

Reference has been made to certain enzymes concerned with cellular 
oxidation-reduction processes (e.g., oxidases) which contain metallic 
components. Such catalysts often suffer modification of activity by 
a more or less reversible combination with cyanide ion, pyridine, nico- 
tine, carbon monoxide, and other substances, all of which are able to 
form coérdinate linkings with metal ions. Differences in the degree 
of action of these reagents are marked. 

The characteristics of activation and inactivation of arginase, a 
hydrolytic enzyme, suggest a very rough analogy to the chemistry of 
the hemochromogen types. Thus, arginase may partake of the nature 
of a heavy metal complex.’ If the metallic component of such a com- 
plex molecule were present in a reduced state when the enzyme is ac- 
tive, inactivation by oxidation might involve simple oxidation of the 
complex, reversed by suitable reduction, or an actual separation of the 
metallic ion or component from the rest of the molecule, probably 
coincident with the oxidation of the metal. Hydrogen sulfide or 
cyanide would depress activity by the formation of an addition com- 
pound with the metallo-enzyme, or by disruption of its molecule. An 
interpretation of activation or reactivation by Co**, etc., would rest 
upon the assumption that such ions may replace, more or less readily, 
the metallic atom or component, characteristic of arginase, when that 
component has been lost to the enzyme by some process which has not 
injured the rest of the molecule. 

Metal coérdination in enzymic catalysis. The assumed metal co- 
ordination in the activation picture was extended to include the sub- 
strate. Such a conception, if acceptable on the basis of available facts, 
would decidedly enrich our notions concerning the construction, in 


®* The heavy metal content of liver includes iron, copper, manganese, and zinc. 
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appropriate cases, of labile and more or less dissociable enzyme-substrate 
intermediates and have particular interest for the problem of enzyme 
specificity. It would seem also to have some applicability to non- 
enzymic catalysis, but in neither case should be taken to exclude 
pertinent physical factors. For clarity, a tentative, schematic repre- 
sentation of the arginine-arginase complex may be given. This depicts 
the codrdinative union of metallo-enzyme (arginase) to d-arginine 
through the a-amino group, which is probably the substrate’s chief 
“anchoring” group. For simplicity, an electronic representation is 
omitted. The substituted guanidinium ion has been represented as 
undergoing resonance (55); such an effect should be modified by the 
coordinative linking that supposedly involves one of the nitrogen atoms 
of thation and the metal atom. Irrespective of the merits of the 
resonance assumption, the guanidinium ion is doubtless a more sym- 
metrical entity than the classical formula would suggest. In any case 
the “fixing” of bonds by metal 


coérdination would be associated | ENZYME 
with promotion of the acceleration we” 

of hydrolysis in the direction of for- ANH 
mation of ornithine and urea, with Pa | | 
concomitant regeneration of the ar- ae Faas 
ginase. This involves, also, the in- 

teresting question of relative bond HH HH 


strengths, which cannot be treated here.!° 

It is pertinent to inquire whether the shifting equilibria concerned 
with the interplay of metallo-complexes and whether, in addition, a 
reversible oxidation-reduction of the metallo-enzyme may -be applied 
to the control of arginase activity in the cell. There is no direct evi- 
dence, at present. The foregoing discussion raises many interesting 
questions. Arginase has not yet been isolated and crystallized. The 
nature of the enzyme’s postulated metallic component is unknown. 
The heavy metal ions that activate or reactive arginase in vitro have 
been found to alter the pH-activity curve of the enzyme characteristi- 

10 Tn contrast to non-enzymic (hydroxyl-ion catalyzed) hydrolysis of guanidine 
and its derivatives the enzymatic hydrolysis probably involves the zwitter-ion 
over most of the enzyme’s effective pH range. Arginase does not ‘‘attack’’ esters 
of d-arginine (cf. (13)); it acts slowly with l-arginine even when large amounts of 
the enzyme are employed (24). The weight of evidence opposes the assumption 
that the a-amino group is non-essential; argininic acid and 4-guanidinovaleric 


acid are not significantly attacked in the presence of a somewhat purified arginase 
under conditions such that d-arginine is extensively hydrolyzed (47). 
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cally (47). This provides strong additional evidence in support of the 
idea that metal codrdination is concerned not merely with activation 
but actually with the functioning of the enzyme."' It was observed 
that the pH optimum for an arginase preparation having maximal 
activity at pH 7.7 to 9.0 was shifted in the presence of nickelous, cobal- 
tous, and manganous ions, respectively, to pH 6.7 to 7.7, 7.5 to 7.7, 
and 10. These results are to be considered with reference to the con- 
ditions used. Interestingly enough, the variations seem to be related 
to the corresponding stabilities (gaged by the magnitudes of dissocia- 
tion constants) of codrdination complexes of the effective ions with 
certain compounds (e.g., arginine; glycine); these were ascertained by 
means of appropriate potentiometric measurements. Qualitatively, 
the ions, in the order of stability of their complexes are: Nit+ > Cot++ 
> Mnt+t. Mn?** codrdinates only slightly in the more acid range 
(cf. (69)), and its activating ability in this range (pH 5 to 6.5), in con- 
trast to Ni+* or Cott, is inappreciable. Such facts raise an interesting 
question concerning the relative importance, from the physiological 
point of view, of the pH-optima, as such, of certain enzymes. For 
example, some extensive studies of the behavior of enzymes like arginase 
or uricase solely at their apparent optima in the more alkaline range 
may have little relevance for their characteristics in vivo where mecha- 
nisms similar to those reviewed may be available for their efficient func- 
tioning. On the other hand, the advantages of observation of enzyme 
activation over a widely varying pH range with due regard for such 
variables as the ionic strength, nature of buffer salts, etc., are not in 
question. 

“Artificial” arginase. It has also been found (47) that the postulated 
non-metallic or “donor’’ component of arginase may be replaced by 
some constituent of certain preparations of jack bean urease (but not 
by highly recrystallized urease) in the enzymatic hydrolysis of d-arginine. 
This entity is not identical with the corresponding constituent (a pro- 
tein?) of liver-arginase. However, the characteristics of the kinetics 
of arginine hydrolysis with either enzyme (plus Co**) are similar, e.g., 
“first-order” at pH 7.5; furthermore, the striking specificity of arginase 
is retained in the new catalyst. 

RELATED PROBLEMS. The apparent rdéle of certain codrdinating 
metal ions in the reversible activation of arginase has not only a sig- 


In contrast, the evidence at present available concerning the rdle of sub- 
stituent —SH groups in urease, cathepsins, etc., has dealt more exclusively with 
the regulatory function. 
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nificant bearing upon the general position of metals in enzymic cataly- 
sis; it possesses peculiar interest for several closely related problems. 
For the crystallization of insulin, Scott finds zine ion to be essential 
(104). Zine is an integral part of crystalline insulin (105). It may be 
“replaced” by Cott, Nit+, or Cd*+*. Of great interest is the question 
whether zinc, a constituent of the pancreas and liver, may be con- 
cerned with regulatory functions. 

Sumner’s jack bean hemagglutinin (113) is inactivated by acklidee- 
tion, which separates metal ion from the active protein; reactivation is 
effected by the use of certain metal ions. The latter are apparently 
integral parts of the molecules of crystalline protein. 

The “antagonistic” effect of Nit+, Cot+ or Mn** against the action 
of calcium ion in the conversion of prothrombin to thrombin seems to 
be concerned with equilibrium reactions (48); the order of effectiveness 
is again Nit+ > Cott > Mn?**; the elaboration of thrombin may well 
involve a catalytic process in which calcium ion plays the réle of an 
orienting or coérdinating ion (involving prothrombin and a platelet or 
tissue catalyst) analogous to that assigned to reduced metal ions in 
the arginase-arginine picture. 

Certain peptidases have been found to be subject to a depression of 
their activity by cyanides. Polyaminophosphatase has been shown to 
be strongly inhibited by glutathione, etc. The phosphatases (cf. 22) 
and nucleotidases of several organs seem to be similarly sensitive. In 
the absence of abundant experimental data a number of mechanisms 
are readily invoked. However it may be fair to inquire to what ex- 
tent the experiences with arginase may have application to some of 
these cases. Studies of the protective effect (cf. 10) of amino acids in 
phosphatase action may conceivably involve the removal of inhibiting 
heavy metal ions. It may be recalled that sensitiveness to certain 
metal ions is practically a general characteristic of enzymes, although 
there are marked differences in degree and specificity of action; even 
arginase is inactivated and partially precipitated by silver or cupric 
ion or by mercuric chloride. 

The “co-enzyme action” of Mg** for the effectiveness in cellular 
processes of enzymic catalysis of certain phosphate-ester syntheses 
and hydrolyses is well recognized. In a similar sense, Ca++ might be 
termed a co-enzyme in the conversion of prothrombin to thrombin, 
and the supposed metallic component of arginase, a co-enzyme for 
d-arginine hydrolysis; this assigns, however tentatively, a rational 
function for such ionic coenzymes (cf. 1), the identity of which as 
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integral constituents of the enzymes or enzyme-substrate compounds 
is sometimes confused by the phenomenon of dissociation.” 


CONCLUSION 


Little has been said in this review concerning the specific réles of 
individual activators and inactivators. On the contrary, there has 
been pointed out the versatile chemistry of many of the reagents 
employed. For example, reduced glutathione, widely distributed in 
plant and animal tissues, may be considered to be the reductant of a 
relatively negative oxidation-reduction system; its reducing properties 
have been related as such to the reversible activation of certain enzymes; 
the substance is competent, also, to effect the destructive reduction of 
certain principles (e.g., insulin) by attack upon their dithio linkages 
and likewise to reduce keratins. It also shares with numerous other 
compounds the property of combining with appropriate metal ions in 
the formation of complexes. Thus it may function seemingly to 
“protect” ferrous ion against oxidation in the Fe** activation of 
arginase or to reactivate certain enzymes inhibited by heavy metal 
ions, or to suppress the activity of a number of metal-containing en- 
zymes. In general, the complexes possess also oxidation-reduction 
properties (76) (117) characteristic of themselves. Similar consider- 
ations apply to other thiol-dithio systems. Hydrogen cyanide is a 
reducing agent and also suppresses certain inhibiting heavy metal 
ions by complex-formation; the latter property may also permit its 
reversible combination with certain metallo-enzymes (e.g., catalase; 
peroxidase). Because of this complexity and for other reasons it has 
been deemed advisable to develop the themes of reversible inactivation 
in terms of abundant, cumulative evidence, and to omit detailed dis- 
cussion of cases in which this position has not yet been attained. 

There have been discussed the salient data bearing 1, upon the re- 
versible inactivation by oxidation-reduction and by mercaptide-forming 
reagents of specified hydrolytic enzymes, presumably through reversible 
chemical actions upon substituent thiol groups of these enzymes; 2, 
upon the réle of specific metal-coédrdinative processes in the reversible 
inactivation of arginase; 3, upon the rdéle of reversible oxidation-reduc- 
tion and dissociable metal complexes in the control of the kinetics of 
certain biological hydrolytic processes. The observations and inter- 
pretations have been considered with respect to several related problems | 
of general physiological interest. 

12 Compare the modification of salivary amylase action by halide ions, espe- 
cially chloride (see 40). 
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